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ABSTRACT 
This thesis is concerned primarily with the measurement of total energy 
expenditure in infancy. Until the advent and subsequent development of 
the doubly labelled water technique for the assessment of carbon dioxide 
production rate in "free-living" individuals measurements of total energy 
expenditure in infants and children were virtually impossible. Thus 
measurements of total energy expenditure using this relatively new 
technique are of burgeoning interest to nutritionists, clinicians and 
human biologists. 
A number of aspects of total energy expenditure in infancy are addressed 
in this thesis, following a detailed description of the doubly labelled water 
technique. A cohort of infants has been recruited (n=52), and total 
energy expenditure measured in the these infants on four occasions in 
the first year of life. These data not only allow a description of total 
energy expenditure during this time but also permit the construction of a 
control data set that might be of value in future studies of energy 
metabolism especially in disease states. 
The best method of adjusting total energy expenditure for "body size" is 
discussed and differences in total energy expenditure between breast 
fed and formula fed infants and males and females described. The 
control data set is then used to assess the normality or otherwise of total 
energy expenditure in a disease state, cystic fibrosis, in which a lesion in 
energy metabolism has been implicated. 
The doubly labelled water technique potentially offers an insight into 
body composition in infancy as an intermediate step in the methodology 
is the calculation of total body water. Thus simple anthropometric indices 
such as height, weight and skinfold thicknesses have been related to 
body composition in early infancy and an attempt made to predict body 
composition parameters using these measurements. 
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CHAPTER 1 
Introduction to the measurement of total ener<Jy expenditure: calorimetry. 
There are a number of fundamental maxims that underpin large areas of 
modern science. lt is significant that many of these laws and principles 
were described in a concise form in the eighteenth and nineteenth 
· centuries when the great men and women of science were laying the 
foundations of modern physical and biological studies. 
There are two such laws that form the basis of studies pertaining to 
energy metabolism in the human. Firstly, Herman Helmholtz described 
in 1847 the law of the conseryation of energy thus; " in all processes 
occurring in an isolated system, the energy of the system remains 
constant". This classical description was bas!3d upon the earlier work of 
a compatriot of Helmholtz, Bobert Mayer. Secondly, Germain Hess, 
around the same time, described the law of constant heat summation, i.e, 
the heat released by a number of reactions is independent of the 
chemical pathways involved and is only, and totally, dependent upon the 
end products. Ibis is often referred to as Hess's Law. 
These two basic laws enable us to study energy metabolism by 
calorimetry, the measurement of beat production. 
The pioneers in this field utilized animals to attempt to understand the 
relationships between beat production, metabolism and life. The first 
important question to be asked was, what is the source of animal heat? 
This problem, posed by the French Academie de Sciences in 1822 as a 
subject for a prize, led two scientists, Despretz and Dulong to 
independently devise, construct and describe the first true calorimeters. 
These calorimeters were based upon Lavoisier's apparatus, which had 
been designed, and then neglected by science, some forty years 
previously to measure the heat output of a guinea pig. The equipment 
1 
devised by both Despretz and Dulong consisted of a small chamber 
surrounded by a water jacket. When placed in the chamber heat 
produced by the animal was transferred to the water jacket. Any gases 
produced by the animal were also collected for analysis. 
Techniques for measuring respiratory gases were enhanced by Regnault 
and Reiset in order to answer the question, what effect do different foods 
have upon the composition of respiratory gases? An answer was 
produced after their design of appropriate apparatus, the first closed 
circuit indirect calorimeter i.e equipment that would allow the 
measurement of energy expenditure via the measurement of carbon 
dioxide production, nitrogen balance and the calculation of oxygen 
consumption. This magnificently designed and constructed piece of 
apparatus used three large volumetric flasks as the supply of air. lt 
measured the effect of differing foodstuffs on expired gases, in dogs, 
pigeons and other animals. Initial scientific observations by these and 
other workers then began to give way to experimentation. By 1860, the 
effect of starvation on 'metabolism' was being studied in Munich by 
Bischof and Voit. These experiments led to the development of further 
apparatus. Thus, the group in Germany designed and built the first open 
circuit indirect calorimeter. Ambient air was drawn through a chamber, 
large enough to accommodate a man. The volume of gas drawn through 
the chamber was measured using a gas-meter and a small sample of the 
air was then analysed for its carbon dioxide and water content. Oxygeri 
consumption was calculated by a balance study that involved weighing 
the subject accurately before and after the study; and weighing all food 
consumed plus any urine and faeces produced. 
The measurement of energy expenditure by calorimetry was now 
beginning to bifurcate. While Rubner spent much time and effort 
' . . . 
perfecting a direct calorimeter to measure the heat production of dogs, 
Pettenhofer endeavoured to perfect indirect calorimetry. Once it was 
recognised that the two approaches would be complementary rather 
than antagonistic it became important to know the extent to which they 
gave the same answer. The question was tackled by Rubner in 1894 
using dogs. There was agreement better than ±1% between the two 
methodologies. The equivalent experiment in humans was not carried 
2 
out for almost ten years. However, when completed in 1903 the classic 
work of Atwater and Benedict showed an equal measure of agreement . 
The value of being able to assess energy expenditure in order to 
estimate requirements was soon appreciated by the meat and livestock 
industry, and much of the incentive for the creation of improved direct 
and indirect calorimeters was shown by the food industry. In human 
studies the necessity for confinement in a closed chamber, regardless of 
size, in order to assess energy expenditure was causing frustration for 
investigators. By the beginning of the 20th century portable apparatus 
was being designed in order to study energy expenditure during physical 
activity. The first truly successful method of indirect calorimetry during 
physical activity was developed by Douglas (1911 ). His system 
consisted of a large rubber lined cloth bag which was usually carried on 
the subjects back, into which all expired air was collected. The volume of 
air expired was then measured by passing the contents of the bag 
through a gas meter, while a small sample was analysed for carbon 
dioxide and oxygen concentrations. The Douglas bag is still used 
extensively today. The major limitation of this system was and still is, the 
size of the bag. Measurement of energy expenditure during walking, 
running and other motor tasks could be assessed, but only for relatively 
short periods. The logical development of this system occurred many 
years later. The expired gases were not collected and then metered, but 
metered while the equipment was in situ, with a small sample being kept 
for gas analysis. This was then the basis of the Kofrayni-Michaelis 
instrument (Kofrayni and Michaelis, 1940). Again this type of apparatus 
is still frequently used today. 
In the first decade of the 20th Century questions were posed relating to 
energy metabolism in health and disease and the possible clinical 
applications of such knowledge was being investigated, notably in North 
America. Large direct calorimeters were built for this purpose by 
Williams, Lusk and Dubois in order to study what were termed metabolic 
disorders. 
About this time the first work involving infants and children was reported, 
notably the studies of Benedict and Talbot (Benedict,1914; Benedict and 
Talbot,1914a; Benedict and Talbot 1914b; Benedict, 1919). These two 
3 
pioneers of energy metabolism studies in infancy and childhood 
developed an indirect calorimeter tor the measurement of basal 
metabolic rate in early infancy. Benedict defined basal metabolism as:" 
the heat production for maintenance during complete muscular repose 
and without active digestion". The calorimeter consisted of a metal 
chamber, with an air tight lid. Air was drawn from the chamber and the 
water vapour absorbed from it usually by passage through concentrated 
sulphuric acid. The dry air then passed through a chamber containing 
soda lime for the absorption of carbon dioxide. Pure oxygen was then 
added to the air to replenish that consumed by the infant and the gases 
allowed to re-enter the main chamber containing the infant. Carbon 
dioxide production rate was calculated by direct weighing of the soda 
lime, whilst oxygen consumption was measured by monitoring the 
amount of oxygen introduced into the system. Small infants were kept in 
this chamber tor a number of hours until, in the words of Benedict 
(Benedict,1919) "the child became accustomed to the conditions and fell 
asleep". Only observations of carbon dioxide production rate and 
oxygen consumption made after the child was asleep were used in the 
data analysis. 
Larger chambers were later built to accommodate older children. The 
largest indirect calorimeter, built by Benedict and Talbot, was installed at 
the New England home for Little Wanderers, where children up to the 
age of fourteen could be measured. The chamber was designed to have 
minimal dead space and with only a small window allowing illumination 
into the chamber and visibility out of it, the experience of lying still in the 
apparatus for a number of hours could have hardly been pleasant. 
Nevertheless, many· children aged between a few weeks to about 
fourteen years were studied in this way. Indeed, such was the prolific 
nature of their work that Benedict and Talbot's vast database of basal 
metabolic rates (Talbot,1938) was still being used as the basis for 
recommendations for energy requirements as recently as 1973. 
Basal metabolic rate is only a component of total energy expenditure. In 
order to understand and answer questions relating to energy metabolism 
in childhood it is important that the other components are assessed. The 
measurement of total energy expenditure or measurements of the 
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remaining components on top of basal metabolic rate have proved 
difficult in infants and many questions relating to energy metabolism in 
infants and children remain unanswered. The components of total 
energy intake and expenditure in a hypothetical, one month old infant 
are shown in figure 1.1. Basal metabolic rate is by far the largest portion 
of the total but four' other components contribute to the total energy 
expenditure. The relative proportions of these components vary 
dramatically during the first few years of life. 
Energy Lost 
Energy Stored 
Energy Cost of Growth 
Thermoregulation 
Energy Intake Thermic Effect of Feeding Energy Expenditure 
Physical Activity 
Basal Metabolic Rate 
Figure 1.1. The components of total energy intake and expenditure in a hypothetical 1 
month old child. 
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Firstly, there is the thermic effect of food; i.e that basal metabolic rate is 
raised following a meal. Secondly, there is the energy cost of physical 
activity. This component of total energy expenditure increases markedly 
in the first few years of life as the infant progresses from being 
predominantly supine to being ambulatory. Thermoregulation 
contributes to total energy expenditure and finally, there is the energy 
cost associated with growth. 
The total energy cost of growth consists of two subdivisions; the energy 
content of new tissue and the energy cost of laying it down. The energy 
laid down in new tissue does not appear within the confines of total 
energy expenditure. Clearly, this energy is stored not expended. 
Neither does energy lost, for example in the stool, contribute to energy 
expenditure. 
Unlike Despretz, Dulong, Reseit, Bischof and Voit latter day scientists 
have found it difficult to design suitable techniques for the measurement 
of total energy expenditure in infants and children. The use of direct 
calorimetry in infants and children has never been practical or popular, 
the periods of isolation required in order to obtain realistic and 
representative results not being feasible. 
Larger chambers that allow the analysis of respiratory gases, respiration 
chambers, are now available which are large enough to allow a certain 
amount of activity or 'free living'. Nevertheless such chambers with 
volumes in the order of 30000 litres require periods of up to 8 hours 
before equilibrium is reached and measurements can be taken. Fast 
response algorithms (Brown, Cole, Dauncey, Marrs and Murgatroyd; 
1984), enable results to be achieved more quickly but even so, 
respiration chambers have not been a practical method of assessing 
total energy expenditure in infancy and childhood. 
Detailed and well researched sources of data on to total energy 
expenditure in infancy and childhood are the various DHSS and WHO 
reports on energy requirements. Since the early 1950's these numerous 
reports have stated that recommendations· for. energy requirements 
should be based upon measurements of total energy expenditure 
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(FA0,1950; FA0,1957; DHSS,1979; FAO/WHO/UNU,1985). lt is 
therefore important to realise that this goal has not been reached. The 
1985 WHO/FAO report states" although in principle it would be desirable 
to determine the requirements of children in the same way as for adults 
from measurements of energy expenditure this approach involves many 
difficulties in practice". This is a significant indication of the dearth of 
data relating to total energy expenditure in. infancy and children that 
existed at that time. 
However, due to the recent development of the doubly labelled water 
technique many aspects of energy metabolism during infancy and 
childhood can now be addressed. This non-invasive technique has 
been used to measure total energy expenditure, energy intake, water 
intake and milk intake and body composition parameters in infants. The 
doubly labelled water technique is a major advance for those studying 
energy metabolism in human subjects. 
Essentially the method assesses carbon dioxide production rate by the 
measurement of the loss of two stable isotopes of water H21so and 2H20 
from the body. The isotopes are given orally and the loss of isotope is 
measured in urine samples. 
This thesis will describe the doubly labelled water technique in detail, 
especially those aspects of the technique pertinent to its use in infancy, 
and then document the use of the technique to address some of the long 
standing unanswered questions relating to energy metabolism in 
infancy. 
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CHAPTER 2 
Introduction to the doubly labelled water techniQue. 
The doubly labelled water technique measures carbon dioxide 
production rate. Although it is only in recent years that the doubly 
labelled water technique has been used extensively in humans 
e.g.,(Schoeller and van Santen,1982;Schoeller, Ravussin, Schutz, 
Acheson, Beartschi and Jequier, 1986;Coward, Roberts and Cole,1988), 
the principles of the technique were first described much earlier by 
Lifson, Gordon and McCiintock in 1955. A major reason for the delay in 
the techniques use in humans has been economic. Over the last thirty 
five years the cost of measuring total energy expenditure using doubly 
labelled water has changed dramatically. This is illustrated in figure 2.1. 
1955 
1970 
1975 
1990 
1990 
$105000 
$14000 
$400 
$391 
$56 
per 70kg adult 
per 70kg adult 
per 70kg adult 
per 70kg adult 
per 1 Okg infant 
Figure 2.1 The changing cost of using doubly labelled water to measure total energy 
expenditure over the last thirty-five years. 
lt is plain from the illustration why the widespread use of the technique, 
has until recently, been restricted. The decline in cost is a corollary of the 
development of more precise apparatus, i.e. the isotope ratio mass 
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spectrometer, that allows accurate analysis of isotopic enrichment in 
biological samples at much lower levels of enrichment than was 
previously possible. This in turn leads to less actual isotope being 
needed for any one individual. Of the two isotopes used (2H20 and 
H218Q) it is the latter that is expensive, approximately $27 per gram 
while 2H20 is only $0.5 per gram. Lifson's early work was in mice, 
where the small quantities of isotope required made the studies 
economically viable. 
The model for the technique described by Lifson et al, 1955 is that 
following a bolus loading dose of the two stable isotopes of water 2H20 
and H21Bo, 
a) the isotopes enter and equilibrate with total body water only; 
b) the hydrogen isotope (2H) leaves the body only as water; 
c) the oxygen isotope (18Q) leaves the body as water and in expired 
carbon dioxide due to the effect of the carbonic anhydrase mediated 
interchange of oxygen atoms in water and carbon dioxide; 
d) the rate of output of water and carbon dioxide during the period of 
study is constant; 
e) there is no fractionation of water or carbon dioxide; 
f) the intake of isotopes from the environment following the loading dose 
is constant. 
In practice the methodology involves the provision of an oral dose of the 
two isotopes, followed by the collection of a daily urine sample for a 
period of time ranging from 5 to 14 days. The isotopic enrichment in the 
urine samples will decrease over time, in what theoretically ought to be a 
mono-exponential manner. Consequently, the plot of log enrichment 
versus time (as shown in figure 2.2) will show a linear decline, and 
regression lines can be drawn through the individual data points. In 
figure 2.2 the data have been normalised in such a way that the 
regression lines have similar intercepts. In ·reality the two isotopes do 
not, at doses usually given, raise the enrichment of body fluids to the 
same degree, as is indicated in the figure. This adjustment, customary in 
in vivo tracer techniques, shows more clearly the different slopes of the 
regression lines. The slope of the 18o regression line is steeper than 
that of the 2H line due to the loss of 18o both in water and carbon 
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dioxide. Since we dealing with a single pool model in the regression 
equation describing the data the regression coefficients are equivalent to 
the elimination rate constants. 
If the assumptions outlined above are true, essentially the difference in 
elimination rates of the two isotopes is directly proportional to carbon 
dioxide production rate. The basic mathematical model is therefore; 
C02 production rate N (ko - kd) --------------------------------- 1 2 
where N is total body water, and ko and kd are the elimination rates of 
18o and 2H (deuterium) respectively. Total body water (N) can be 
calculated from from the data in a number of ways which will be 
discussed later. There is a factor of 2 included in the equation because 
each molecule of C02 contains two atoms of oxygen while there is only 
one oxygen atom in each water molecule. Deviations from this model 
will require modifications to be made to the equation. Possible 
deviations from the model outlined above need to be considered with 
specific reference to the use of the technique in infants and children. 
a\ The isotope enters and equilibrates with total body water only. 
Comparison of measurements of total body water by deuterium oxide 
and tritium oxide (3H20) with values obtained directly, i.e. by 
desiccation, have shown that there is an overestimation of total body 
water when using labelled hydrogen tracers. (Culebras, Fitzpatrick, 
Brennan, Boyden and Moore,1976; Tisavipat, Vibulsreth, Sheng and 
Huggins, 1979; Kay, Jones and Smart, 1966). The amount of 
overestimation has been reported as ranging from 1 to 15% (Sheng and 
Huggins, 1979), although it is generally thought that the difference 
between the hydrogen dilution space and total body water is about 3 or 
4% in most species. The oxygen dilution space would seem to be much 
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closer to true total body water ( Whyte, Bayley and Schwarcz,1985) with 
the overestimation being in the order of 1%. The reason for both the 
oxygen and the deuterium dilution spaces being larger than total body 
water is the exchange of the atoms with non-aqueous oxygen and 
hydrogen in the body. The difference between the oxygen and hydrogen 
dilution spaces is because of significantly less exchangeable non-
aqueous oxygen in the body. 
Thus the fact that the isotopes of hydrogen and oxygen do not enter and 
equilibrate with only total body water needs to be accommodated within 
equation 1 above. This could be done in a number of ways, i.e, 
. No (ko - kd) C02 produc!lon - 2 
C02 production Nd (ko - kd) 2 
CO d t. (No.ko - Nd.kd) 2 pro uc 1on - 2 
2 
3 
4 
where No and Nd are the oxygen and hydrogen dilution spaces 
respectively. Studies in which the doubly labelled water technique has 
been validated ( Coward, Prentice, Murgatroyd, Davies, Cole, Sawyer, 
Goldberg, Halliday and Macnamarra, 1985; Roberts, Coward, 
Schlingenseipen, Nohria and Lucas, 1986; Schoeller, Leitch and Brown, 
1986) suggest that equation 4 is the most appropriate for studies both in 
children and adults. The fact that the oxygen and deuterium dilution 
spaces are not the same is also important in other aspects of the original 
Lifson model. The fact that both isotopes label non-aqueous portions of 
the body means that the compartments. of the body into which 
administered isotope enters and leaves must be similar to that 
represented in figure 2.3. 
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The exchange of isotope from the non-aqueous pool to total body water 
(k3) must occur. If isotope was lost permanently to an extra pool it would 
not be possible to detect this extra pool by measurements of isotope 
enrichment in body fluids. The extra pool is only detectable due to the 
return (k3) and exchange of isotope with total body water. The existence 
of this pool has potentially profound consequences to assumptions 
within the model concerning the other major component of equation 4, 
namely the calculation of the rate constants kd and ko. lt is assumed that 
these rate constants are a consequence of a mono-exponential loss of 
isotope from the body. If the rate constants k2 and k3 effectively change 
the mono-exponential nature of the loss of isotope, the mathematical 
treatment of data that are collected in a physiological situation as mono-
exponential in form will be inappropriate. 
isotope dose 
! 
K2 \ 
total body water non-aqueous pool 
\K 
3 
"' excretion 
Figure 2.3. Theoretical compartments into which isotopes distribute within the human 
body. 
There is little empirical data available to test the effect of changing the 
nature of the exponential curve used to model the isotopic enrichment 
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data versus time. Indeed the author knows of no such data that has been 
collected in infants or children. Nevertheless some data exist that has 
been collected from young adults that allows the effect of changing the 
curve fit upon the calculation of carbon dioxide production rate to be 
studied (Coward,1988). Many post dose samples were collected within 
the first two days following the isotope loading dose. Three 
mathematical treatments were applied to those data. Firstly a two-pool 
model using all the available data, secondly a single pool model using 
data collected at 6,7 and 8 hours post dose and thereafter daily for 12 
days, and finally a single pool model using the day 1 to day 12 data. 
Using these different approaches the rate constants (ko and kd) and the 
dilution spaces varied markedly, but the total outflow of isotope (Ndkd or 
Noko) was little changed between the models. This fact can be 
explained as the rate constants and the dilution spaces although 
changed by the different exponential fits, changed in opposite directions 
effectively canceling out and producing outflows that differed by less than 
1% between the different curve fits. Thus Coward {1988) concluded that 
the treatment of data as being derived from a single pool seemed 
appropriate. 
lt is generally accepted that the difference between the oxygen and 
hydrogen dilution spaces and total body water and the difference 
between the dilution spaces per se must be accommodated in the 
equations and calculations that lead to carbon dioxide production rate. 
However, different laboratories use different methods to calculate the 
dilution spaces and different approaches to accommodate the 
discrepancy in the oxygen and hydrogen dilution spaces. In Lifson's 
original work {Lifson et al,1955) total body water in mice was calculated 
by desiccation. Although an accurate technique it is clearly not possible 
for such methodology to be appled il human studies. 
The first time that use of the doubly labelled water technique was 
reported in adult humans (Schoeller and van Santen, 1982) a dilution 
space was calculated using an equation developed a few years earlier 
(Schoeller, van Santen, Petersen, Dietz, Jaspen and Klein,1980) thus; 
18Q dilution space= M~ X~~~ X 18.02 X (Rstd ~ a1BQ) Kg····· 5 
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where d is the dose of H218Q in grams, MW is the molecular weight of 
the H21so, APE is the atom percent excess of the isotope given, Rstd is 
the ratio of 18QJ16Q in a standard and a1so is the arithmetic difference 
between the 18Q enrichment in a physiological fluid before and after the 
dose. There are three different units of isotopic enrichment in the above 
equation. Firstly Rstd which is simply the ratio of atoms of different 
isotopes e.g, the ratio of 1BQJ16Q atoms within a sample. These ratios 
are often reported as differences with respect to a standard, the relative 
difference being the delta (o) value which is calculated as; 
o= Rsample - A reference X 1000 
A reference 
The factor of 1000 in the above equation leads to a being expressed in 
per mil (%o) units. Finally, isotopic abundance is reported as atom %. 
This is the ratio of the number of atoms of isotope to the total number of 
atoms of all isotopic species in that element. Atom % excess (APE) is the 
increase in % abundance above mean natural abundance. 
In Schoeller and van Santen's validation study the dilution space was 
calculated twice for each individual, firstly using a 6 hour post dose urine 
' 
sample to obtain post dose enrichment and secondly using the mean 
enrichment found in 3 and 4 hour post dose saliva samples. Only the 
1BQ enrichment was measured in this study. The final dilution space 
used in the further calculations was the mean of the two dilution spaces. 
Total body water was then calculated as ; 
Total body water (dilution space- dose) · 1.01 
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The factor of 1.01 was included in the equation as Schoeller and van 
Santen believed that the oxygen dilution space overestimated true total 
body water by 1 %. Equation 5 for the calculation of a dilution space has 
been criticized. Firstly it contains three units of isotopic enrichment i.e. 
atom percent excess,(APE) the ratio Rstd and a 18Q. Secondly, the 
inclusion of APE indicates that the actual enrichment of the dose given is 
not measured but is assumed to be the value given by the 
manufacturers. Even if the manufacturers are accurate the use of the 
given value also then assumes that the mass spectrometers used by the 
investigator and supplier measure the same enrichment for a given 
sample. 
Halliday and Miller (1977) described an equation for the calculation of 
total body water in man. A slight modification of this equation has been 
used in many doubly labelled water studies (Roberts et al ,1986; Lucas, 
Ewing, Roberts, Coward, 1987; Roberts, Coward, Ewing, Savage, Cole, 
Lucas, 1988). This equation is shown below; 
N _TA (Ea - Et) 
- a x (Es- Ep) 6 
where N is the dilution space in grams, A is the isotope given in grams, a 
is a portion of the dose (in grams) retained for mass spectrometer 
analysis, T is an amount of tap water in which the portion, (a), is diluted 
before analysis, and Ea, Et, Ep and Es are the isotopic enrichments (in a 
units) of the portion of dose, the tap water used, the predose sample of 
physiological fluid and the post dose sample of physiological fluid. 
This equation has now been recommended for use in all doubly labelled 
water studies. (IDECG,1990). In many studies the value of Es is not 
calculated from samples taken 3,4 or 6 hours post dose but from the data 
relating to the decay of the isotope over the period of the study. The 
regression line of log enrichment versus time is extrapolated back to time 
zero, i.e. the intercept, and the anti-log of this value is used as Es in 
equation 6 above. Essentially therefore if using equation 6 there are two 
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ways of obtaining a value for Es, and these techniques have become 
known as the plateau and back extrapolation methods. 
The different methods will not give the same answer in a physiological 
situation and neither can be totally correct. The plateau method is 
fundamentally flawed as there cannot be a plateau of isotopic 
enrichment following a single bolus isotope dose. Isotope must be either 
entering or leaving total body water. A plateau would only occur if there 
was a constant infusion of isotope. The back extrapolation method is 
flawed as this method produces values for the dilution spaces that would 
occur if there had been instantaneous instantaneous mixing which 
clearly cannot occur in a physiological system. The two methods of 
calculating dilution spaces are closely linked with two methods of 
calculating the rate constant (k) for the decay of isotope from the body, 
and will be discussed in more detail later. 
There have also been two approaches to the difference between the 
oxygen and hydrogen dilution spaces. Schoeller and colleagues have 
used a constant relationship between the spaces and total body water 
i.e. 
X _ (Oxygen dilution space Hydrogen dilution space)12 
- 1.01 + 1.04 . 
and No= 1.01X 
and Nd = 1.04X 
Others (Coward et al, 1988; Roberts et al, 1986 ) have used the 
individually determined values for the dilutions spaces as in equation 4. 
The important factor in deciding whether it is more appropriate to use a 
constant value or individually determined values is the nature of the 
variation in the oxygen dilution space:hydrogen dilution space ratio 
found in doubly labelled water studies. If the variation seen is a 
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reflection of technical or analytical error then a constant relationship 
should be used. On the other hand if the variation seen is a true 
physiological variation then the individually determined values should be 
used. Schoeller {Schoeller,1988) has argued that the variation is due to 
measurement error. His argument is partly based upon the fact that in a 
group of adolescents and young adults studied in his laboratory, the 
mean oxygen/hydrogen dilution space ratio was 1.034 with a standard 
deviation of 0.016, and that in repeated measures in five of these 
subjects the same mean standard deviation was found. This finding, 
Schoeller argues is compatible with the variation being methodological 
although the logic of this argument is not expounded. Also Schoeller 
cites the indirect evidence that the coefficient of variation of the doubly 
labelled water method increases in his data set when individual values 
for the oxygen and hydrogen dilution spaces are used. Rightly, however, 
Schoeller also points out that this is not true for other data sets indicating 
that the variation in the dilution spaces is at least in part physiological. If 
the overestimation of total body water by the two isotopes is due to 
exchange with non-aqueous, mainly proteinous, hydrogen and oxygen, 
in order to obtain a constant value in all individuals one might expect a 
constant water to protein ratio in the lean body mass which contains all 
body water and the vast majority of the body's protein. Limited, but well 
documented body composition studies show that this is not the case 
{Ciarys, Martin and Drinkwater, 1984). 
lt may not be immediately apparent that errors in the oxygen/hydrogen 
dilution space ratio will have a large effect upon the calculation of carbon 
dioxide production rate. This is illustrated in figure 2.4. This shows the 
percentage error in carbon dioxide production rate that would occur if the 
dilution space ratio was 1.030 but calculated wrongly as 1.010 through to 
1.050. 
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b and c) The hydrogen and oxygen jsotopes leave the body only as 
water and expired carbon djoxjde. 
Theoretically isotope could be lost from the body in urinary or fecal 
solids. However, Schoeller et al, 1986 have calculated that such loses 
would be less than 0.5% of total isotope turnover and as such are 
quantitatively unimportant. There is no evidence to suggest that the loss 
of isotope by this route is more significant in infants or children. 
d) The rate of output of water and carbon djoxjde during the perjod of 
study js constant 
In order to discuss fully the implications that deviations from this aspect of 
the model have on the calculation of carbon dioxide production rate it is 
advantageous to first describe the two basic methods that have been 
developed to calculate the rate constants ko and kd. The original Lifson 
method and later human work (Schoeller and van Santen,1982) used 
what has become known as the two-point method for calculating rate 
constants. The isotopic enrichment of a physiological fluid, usually urine 
or saliva, was measured approximately one and fourteen days after the 
dose. Assuming single compartment, steady state kinetics, the rate 
constant can be calculated as; 
_ Day1e .! 
k -lnoay14e x t 
where Day1 e and Day14e are the isotopic enrichments in urine at day 1 
and day 14 respectively and t is the difference in time (in days) between 
the two samples. An alternative approach called the multi-point method 
has been used by other investigators. This a~proach involves 
measuring isotopic enrichment in a number of post dose samples. The 
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regime is usually that a single urine sample is collected each day for 
seven, ten or fourteen days depending upon, primarily, the age of the 
subject. The rate constant can then be calculated by fitting a mono-
exponential curve to the enrichment data in the form ; E= E0 e -kt where E 
is the isotopic enrichment at time t and k is the rate constant or by 
calculating the regression coefficient of the regression line of the natural 
logarithm of enrichment against time. In effect therefore the two point 
method gives an average value for k over the entire study period while 
the multipoint method produces a mean value for k with an associated 
standard error. 
How then do deviations from the model affect the calculation of total 
carbon dioxide production rate and hence total energy expenditure? 
The effects are markedly different depending upon the method chosen 
for the calculation of the rate constants. The variations in C02 production 
and water turnover will have no effect whatsoever upon the rate 
constants ko and kd if the two point method is utilized. This may at first 
seem surprising. However, one should remember that in the two point 
method the rate constant is derived by use of enrichment data obtained 
after 1 and usually 14 days (less in an infant or child). The method is not 
sensitive to the manner in which isotopic enrichment has changed from 
day one to day 14. Hypothetically C02 production and water turnover 
may occur at totally constant rates or they may vary in a step-like fashion 
or there could be a great deal of isotope loss in the first 7 days but very 
little in the last 7 days. Nevertheless use of the two point method will 
always produce the same values for ko or kd. This is shown graphically 
in figure 2.5. In the two point method a rate constant is calculated for the 
entire study period that is not effected by variation in C02 production or 
water turnover during the study period. Chiuiges in C02 production rate 
and water turnover rate do, however, effect the results produced by the 
multipoint method. The effect varies dependant upon the method of 
analysis of the multipoint data .. If one uses linear regression analysis of 
the log transformed isotopic enrichment data versus time this will be less 
effected by variations in C02 production than will be an exponential fit to 
the isotopic data. This is especially true if the variation in C02 production 
occurs at the beginning of the study period, because these data points 
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Figure 2.5 Three theoretical modes of isotope loss over a period of ten days. 
have more influence upon a mono exponential curve than data in the 
middle or end of the curve. 
Variation in water turnover rate will cause less error in the calculation of 
mean carbon dioxide production rate than will fluctuations in C02 
production. Fluctuations in water turnover will be represented in both 2H 
and 180 rate constants and will tend to cancel out. 
e) There js no fractionatjon of water or carbon djoxjde. 
Fractionation of an isotope is a phenomenon that occurs because of 
differences in the physical properties of various isotopes. The effect of 
fractionation is seen as a change in isotopic enrichment of a substance. 
The doubly labelled water method will be influenced by such isotope 
effects. The magnitude of an isotope effect is usually known as the 
fractionation factor (f). This is calculated as being the ratio of the heavy 
to light isotopes in the product divided by the ratio of the heavy to light 
isotopes in the reactant. There are two aspects of isotope fractionation 
pertinent to the doubly labelled water technique namely, what 
fractionation factors should be used and how should the equation 4 be 
adjusted to take into account isotopic fractionation. The three 
fractionation factors that are relevant to doubly labelled water studies are 
known as f1 f2 and f3 and defined as; 
(2H1HOf1H1HO) vapour 
(2H1HOf1H1HO) liquid 
(1H21BQf1H216Q) vapour 
(1H21BQf1H216Q) liquid 
(C18Q16QfC16Q2) 
(1 H218Qt1 H216Q) 
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In Lifson's original work (Lifson et al, 1955) the fractionation factors that 
were used that had been calculated by in vitro experiments some years 
earlier (Kirshenbaum, 1951; Dole, 1949). The factors used were 
0.93,0.99 and 1.04 for f1 f2 and f3 respectively. A fractionation factor less 
than 1 indicates that the product is less isotopically enriched than the 
reactant and conversely a fractionation factor greater than 1 indicates 
that the product is more enriched than the reactant. More recently 
several groups have attempted to measure fractionation factors in vivo 
(Halliday and Miller, 1977; Pflug, Schuster and Pichotka, 1979; 
Schoeller et al, 1986). These studies have reported small differences in 
the values found for f1, f2 and f3. 
In the human water is lost primarily as urine, sweat, insensible losses 
and lung losses it will be the latter two, evaporative water losses, that will 
be subject to isotopic fractionation. The fact that sweat is not fractionated 
may not be immediately apparent. Isotopic fractionation will only occur in 
systems that do not proceed to completion. Thus, as a single drop of 
sweat evaporates it will be subject to fractionation, however as the 
reaction proceeds to an end and the last molecule of sweat is lost, that 
particular route of water loss is no longer fractionated. All the isotopes in 
the sweat, heavy and light, will have left the body. 
Three ways have been suggested to account for the fact that some of the 
water leaving the body is fractionated, these methods can be 
summarized as; 
1) Use a constant proportion of total water output as the amount of 
fractionated water loss. 
2) Relate the amount of fractionated water loss to the level of carbon 
dioxide loss. 
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3) Relate lung water loses to carbon dioxide loss but assume a constant 
insensible water loss in all individuals. 
These three suggestions will be described and discussed further. 
1 )The use of a constant proportion of total water loss as the amount of 
fractionated water was the approach adopted by Lifson in 1955 and has 
been used by many others (Roberts et al, 1986; Lucas et al, 1987; 
Roberts, Savage, Coward, Chew and Lucas, 1988). In children 
estimates have ranged between 0.13 (Roberts et al, 1986) in premature 
infants to 0.19 (Butte, Wong, Lee, Garza and Klein, 1988) in full term 
infants. Other values that have been used in ·children are shown in Table 
2.1 
Authors Proportion Subjects 
Roberts et al, 1986 .16 Premature Infants 
Lucas et al, 1987 .13 Fullterm Infants aged 1.5 and 
3 months. 
Velasquez, 1988 .15 Infants and children aged 
0 to 3 years. 
Suite et al, 1988 .19 Full term infants aged 4 months 
Roberts et al,1988 .13 Full term infants aged 3 months 
Table 2.1. Some of the values used as the proportion of total water output that is 
fractionated in studies involving infants and children. 
The adjustment to equation 4 to take into account fractionation using a 
constant value is as follows:-
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Total water production rate (Nd.kd) must consist of a fractionated and 
unfractionated portion so that 
Nd.kd = x.f1.rH20 + (1 - x).rH20 ------------------------------------- 7 
= rH20.(x.f1 + 1 - x) --------------------------------------------- 8 
where rH20 is water output, x is the proportion of fractionated water loss 
and f1 is the fractionation factor described earlier. 
Equally No.ko will represent water output plus carbon dioxide output. 
Again a portion of this water output is fractionated,so 
= 2_fJ.rC02 + rH20 (x.f2 + 1 - x) -------------------------- 9 
From equation 8 it can be seen that , 
rH20 = (x.f~d~k1 - x) -------------------------------------------- 10 
and substitution of this in equation 9 yields 
No.ko Nd.kd (x.f2 + 1 - X) + (x.f1+1-x) 
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and by rearrangement, 
No.ko Nd.kd (x.f2 + 1-x) _____________________________ 
11 2.f3 - 2.f3 (x.f1 + 1-x) 
2)Schoeller et al, 1986 described an alternative approach to 
fractionation which removed the necessity of assuming a constant 
proportion of total water output was fractionated. This is the second 
approach listed above, i.e, relate fractionated water loss to carbon 
dioxide production rate. Schoeller's logic can be summarized as 
follows:-
Total water loss is said to consist of a fractionated component (rf) and an 
unfractionated component (ru). Following the same logical approach to 
the calculation of water and carbon dioxide production rate as was 
carried out previously water output can be written as ; 
Nd.kd and ----------------------------------------12 
No.ko = 2.f3.rC02 + f2.r1 +ru------------------------------------13 
lt can be seen that these equations are similar in form to equations 7 and 
9. 
Subtraction of 12 from 13 gives 
No.ko - Nd.kd 
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and rearrangement gives 
No.ko- Nd.kd r1(f2- f1) 
= 2f3 - 213 ---------------------14 
Thus one needs a value for r1 the proportion of fractionated water loss. 
This was related to carbon dioxide production rate as follows:-
At atmospheric pressure, Schoeller and colleagues assumed that 
expired carbon dioxide averages 3.5 % of all expired gases and expired 
air is saturated with water vapour at 37oc., with water vapour pressure 
being 47 mmHg. Breath water loss relative to carbon dioxide loss 
therefore must be 
1 47 
0_035 x760 = 1. 7669 C02, 
Transcutaneous (insensible) loss is estimated from body surface area, 
using the mean rate of non-sweating water loss of 0.18 gmin-1 m-2 
(Pinson and Langham, 1957). This is reduced by 50% due to clothing. 
Schoeller et al, 1986) then calculated that this was about 30% of breath 
losses so that , 
This then can be incorporated into equation 14 thus; 
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No.ko- Nd.kd 2.3rC02 (f2-f1l 
= 2.fs - 2fs 
No.ko - Nd.kd - 2.3rC02 (f2-f1) 
= 2fs 
=No.ko- Nd.kd- 2.3rC02(f2- f1) 
add 2.3rC02 (f2- f1) to both sides 
and rearrangement gives 
rC02 = 2~ 0 ~ k~.; ~~ ._k~ )" -----------------------------------15 
3) Another approach can be derived from the work and discussion of 
Coward (1988). In his experiments Coward found no useful relationship 
between various parameters of body size, surface area, body weight and 
insensible skin water losses. In fact he found a relatively constant value 
of 500 gram per day (27. 7 mole) water loss in young adults. 
Moreover, Coward found that the water content of expired air was much 
less than the values suggested by Schoeller. A mean value of 0.83 gram 
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per litre carbon dioxide was found in young adults. This is about 58% of 
the value predicted by Schoeller. This value (0.83 gram/litre C02) is 
equivalent to a 1.03 mole H20/1 mole C02 relationship. Mathematically 
this modification of Schoeller's approach can be described thus:-
Fractionated water loss can be said to consist of two parts, lung losses 
(rl) and skin losses (rs). Unfractionated water loss can be called ru. 
Therefore, 
Nd.kd =f1.rl +h .rs + ru ----------------------------------------------- 16 
and 
No.ko =.2.!J,rC02 + f2.rl + f2.rs +ru ------------------------------ 17 
Subtraction of 16 from 17 
No.ko- Nd.kd = 2.f3.rC02 + rl(f2- f1) + rs(f2 ·f1) ------------------- 18 
If one now relates lung loses (rl) to rC02 as previously Schoeller et al, 
(1986), in the form 
rl = v.rC02. where vis the constant factor relating the two, 
rearrangement of 18 gives 
No.ko - Nd.kd - rs (f2 - f1) ----------------------------19 2fJ+V(f2 • f1) 
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If one then uses 27.7 mole per day for the value of rs and 1.03 for v, 
No.ko- Nd.kd- 27.7 (12- f1) 
= 2f3 + 1.03 (12 - 11) ----------------------20 
lt should of course be remembered that the values of v and rs were 
obtained in studies of young adults. 
f) The intake of isotopes from the environment following the loading dose 
is constant. 
Body water always contains some of the naturally occurring isotopes 2H 
and 180. The major source of these isotopes is dietary water. As a 
consequence the isotopic enrichment within the body is a reflection of 
the environmental abundance of the isotope within water. Changes in 
the abundance of 2H and 180 within water supplies and body water are 
eo-variant. Indeed, a regression line relating the 2H and 180 enrichments 
in water throughout the world can be constructed. This line is known as 
the meteoric line (Dansgaard, 1964) and has a slope of 8 a units and an 
intercept of 1 0 a units when local enrichments are expressed to Standard 
Mean Ocean Water (SMOW). This is an international reference water 
which contains 2005.2 ppm 180 and 155.76 pp m 2H. The regression 
equation is in the form, 
In order to assess the natural abundance of isotope within body fluids a 
pre-dose urine sample is obtained and measured. Once a dose of 2H20 
and H2180 is given the model assumes that background levels of 
isotopic enrichment remain constant throughout the study period. In 
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most cases this will be more or less the case. However there will be 
occasions when the background isotopic enrichment will vary, 
sometimes markedly, and such changes can have a profound effect 
upon the accuracy of the technique. This will be particularly important if 
the variations in background enrichments during a study are not random, 
i.e. when the initial background is different from the background to which 
the subjects isotopic enrichment is proceeding. During infancy the 
opportunity exists for a major change in the source and possible isotopic 
enrichment of dietary water, i.e weaning. 
The Office of Population Censuses and Survey's publication Infant 
Feeding, 1985 (Martin and White, 1988) states that solid foods are 
introduced in the diet as early as four weeks of age in some babies but 
the majority of babies are given solid food for the first time between six 
weeks and four months. The most important potential changes that occur 
in the enrichment of dietary water is when breast fed infants are weaned. 
Breast fed babies in Cambridge are more enriched in isotope than 
formula fed babies (Roberts et al, 1988). An explanation for this 
difference is that breast milk water is more isotopically enriched than the 
water. used to make up formula due to the enrichment of the former as it 
passes through the mothers body. 
The potential effect of weaning on the accuracy of the doubly labelled 
water technique has been extensively discussed (Roberts et al, 1988). In 
this work the effect of weaning consisting of 10,25 or 100% substitution of 
formula for breast milk was modeled assuming that the introduction took 
place at the beginning of a doubly labelled study period. lt was shown 
that less than 25% substitution had very little effect upon the accuracy of 
the calculation of carbon dioxide production rate. However, if a greater 
percentage of formula was substituted the error began to assume greater 
importance. Two important factors were shown to influence the 
percentage error other than the percentage of formula substitution 
Firstly, the ratio of 2H to 18Q in the isotope dose markedly influenced the 
% error in the carbon dioxide production at high levels of substitution of 
formula for breast milk. If the ratio of 2H to 18Q in the isotope dose is 
similar to or the same as the ratio of the isotope in the body , prior to the 
study, the errors caused due to fluctuations in background levels of 
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isotope will be minimized. This is a consequence of the doubly labelled 
water technique using the difference. between 2H and 180 
disappearance rates. If dietary changes or other background changes 
effect the enrichments of 2H and 180 equally theeffect~upon the changes 
in enrichments will cancel out. Secondly, the· amount of isotope given 
was also shown to have an important effect upon the accuracy of the 
technique. Essentially, the higher the loading dose of isotope the less 
error was induced for any given percentage substitution of formula for 
breast· milk. Indeed, if the initial 2H enrichment after dosing is in the 
order of 1500 %o relative to SMOW with the 18Q enrichment being 360 
o/oo then a substitution of 100% would induce an error of only 6% in 
carbon dioxide production rate. This contrasts with an error of at least 
20% if initial post dose enrichments of 2H and 18Q are 500%o and 120%o 
respectively. Thus during early infancy the investigator should pay 
particular attention to dietary changes that may occur. 
At the outset of this chapter it was stated that the doubly labelled water 
technique measured carbon dioxide production rate. In order to obtain 
total energy expenditure further calculations and assumptions are 
required. The energy equivalence of carbon dioxide ,i.e, the amount of 
energy released in conjunction with the production of one litre of carbon 
dioxide varies considerably with the metabolic fuel being used. On the 
other hand the energy equivalence of oxygen is much less variable. This 
can be seen in table 2.2. 
If existing and well established algorithms (Weir, 1949) for the calculation 
of total energy expenditure are to be used, we must include a value for 
oxygen consumption as well as carbon dioxide production rate. This can 
be achieved by assuming a mean RQ over the doubly labelled water 
study period. Respiratory quotient will of course vary throughout the day 
but over a period of many days the use of a mean value in the calculation 
of energy expenditure using doubly labelled water will cause : little error. 
Black, Prentice and Coward (1986) have shown that if RQ is not known 
the food quotient (FQ) can be used in its place. This assumes that over 
the relatively long study periods used in a doubly labelled water study 
FQ must equal RQ for subjects in energy balance. A state of energy 
balance will not be the case in early infancy when the energy stored in 
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new tissue i.e growth, represents a large proportion of total energy 
intake. However, food quotients can be adjusted to take into account 
growth. Black et al, (1986) show the mean unadjusted and adjusted FQ 
for infants and children aged from birth to 3 years. In the first few months 
of life the difference between the unadjusted and adjusted FO is about 
4% while by 3 years of age this difference has become less than 0.1 %. 
These authors comment that after four months of age the effect of growth 
upon FQ is negligible and can be ignored. 
Energy Released lkJ per lilrel 
"fuel" consumed .B.Q Q,a .OO..a 
Starch 1 . 21.13 21.13 
Animal Eat 0.707 19.62 27.74 
Protein 0.809 19.26 23.78 
Table 2.2 Energy equivalence of one litre of carbon dioxide and oxygen.and the 
respiratory quotient (BQ) so produced. Calculated from data shown in Davidson, 
Passmore and Brock, 1973. 
Thus if a measured RQ is not available for an infant undergoing a 
measurement of total energy expenditure using doubly labelled water a 
calculated or assumed FQ can be used. If FQ is assumed to be constant 
in all individuals over a doubly labelled water study period, the values 
published by Black et al,1986 can be used. The error induced in the 
calculation of total energy expenditure if an assumed FQ is used is 
potentially small. Figure 2.6 shows the error induced in the calculation of 
total energy expenditure if FQ was assumed to be 0.85 when this was 
not the case. 
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Figure 2.6 The effect of respiratory quotient changing from 0.85 due to error on.the calculation of 
total energy expenditure. 
1.1 0 
Yalidatjon Studjes 
The doubly labelled water technique was validated in premature infants 
in 1986,(Roberts et al, 1986). Such infants were studied because they 
represent a physiological extreme at which some of the assumptions of 
the technique might no longer hold. Four well, preterm infants were 
studied. Relevant clinical details of each subject are shown in table 2.3 
SubillQI S.!lX Elit:lb~lliObl G!lslali~mal ~ ~~:iobl a! 
All..!l S1.u.dx S1.u.dx 
(grams) (weeks) (days) (grams) 
1 M 2584 33 20 2575 
2 F 1290 28 38 1378 
3 M 1125 27 17 1090 
4 F 1368 34 16 1496 
Table 2.3 Some of the physical characteristics of the four preterm infants used in the 
validation study of Roberts et al, 1986. 
Two samples of urine were obtained from each infant prior to the start of 
the isotope study to determine natural concentrations of 2H and 180 in a 
body fluid. The isotope dose was given through a nasogastric tube and 
this was then flushed with approximately 1 ml of sterile water. The dose 
used in this study was designed to be 0.24 g 2H20 and 0.6 g H2180 per 
kilogram body water. After the dose was given a number of timed urine 
samples were collected over the next 5 days. During the five day study 
period open circuit indirect calorimetry was carried out for an average 
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77% of the time. This enabled C02 production and 02 consumption to 
be calculated. Carbon dioxide production rate was calculated using a 
constant value for the proportion of water output that is fractionated which 
was taken to be 0.16, using an equation analogous to that shown in 
equation 11. Dilution spaces for both 180 and 2H (No and Nd) were 
calculated using the equation shown previously (equation 7). Within this 
equation the post dose enrichment (Es) was calculated by back 
extrapolation of the isotope data to time zero. Rate constants for the loss 
of 2H and 180 from the body were calculated using a multi point 
approach with the values of kd and ko being the regression coefficients 
of the lines relating the log isotope enrichment to time. Oxygen 
consumption was calculated from the carbon dioxide production rate and 
an assumed RQ of 0.91. This value was taken from previous values of 
RQ for growing preterm infants (Gudinchet, Schutz, Micheli, Settler, 
Jequier,1982; Reichman, Chessex, Verellen, Putet, Smith and 
Swyer,1983; Putet, Senterre, Rigo, Sarre, 1984). Although the individual 
RQ was known from the open circuit indirect calorimetry Roberts et al 
decided not to use this value in their calculations as it would not normally 
be available when using doubly labelled water to measure total energy 
expenditure. 
Table 2.4 shows some of the results of this validation study. The 
difference in the mean value for total energy expenditure is 0.3%. The 
maximum difference between the two techniques occurred in subject 
number 2 which represents a 4% difference. Roberts et al concluded that 
the doubly labelled water technique could b'e used to measure carbon 
dioxide production rate and hence total energy expenditure in preterm 
infants. They stated that their findings along with the validation studies 
carried out at that time in adults (Coward et al, 1985; Klein, James, Wong 
lrving, Murgatroyd, Cabrera, Dallosso, Klein and Nichols 1984; Schoeller 
and Webb, 1984) would suggest that the technique was appropriate to a 
wide range of subjects in view of the extreme physiological differences 
between preterm infants and adults. 
A further validation of the doubly labelled water technique in infancy was 
carried out in 1987 by Jones and colleagues in North America (Jo nes, 
Winthrop, Schoeller, Swyer, Smith, Filer and Heim, 1987). These 
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workers carried out a comparison of doubly labelled water and 
respiratory gas exchange for the calculation of total energy expenditure 
in a cohort of nine young infants over a period of 5 or 6 days. The infants 
were recovering from abdominal surgery for, inter alia, gastro-
oesophagial reflux,diaphragmatic hernia and ile.al atresia. The mean 
gestational age of the infants was 38 weeks and the mean age at the 
time of the study was 17 days. Indirect open circuit calorimetry was used 
to derive carbon dioxide production rate, oxygen consumption rate and 
RQ of the infants. Respiratory gas exchange was performed for periods 
of 2 to 6 hours on two occasions during the 5 to 6 day study period. 
Subject 
1 
2 
3 
4 
Mean 
so 
Total Enemy Expenditure lkcaVdayl 
Poubly Labelled Water 
147.3 
78.8 
64.7 
89.2 
95.0 
36.3 
Indirect ca!odmetrv 
150.4 
75.8 
65.1 
89.3 
95.2 
38.1 
Table 2.4 The total energy expenditure in kcal per day calculated by doubly labelled water 
and open circuit indirect calorimetry in the validation study carried out by Roberts et a! 
1986. 
Carbon dioxide production rate was also calculated using the doubly 
labelled water technique. A predose urine sample was obtained and 
then an oral dose consisting of 0.1 g per kg body weight 2H20 and 1.42 
g per kg H218o administered. Urine samples were then collected 
serially three hours after dosing and again the following day and 5 or 6 
days later. Dilution spaces (Nd and No) were calculated by the plateau 
method, utilizing the 18o enrichment of the early post dose samples and 
a constant oxygen dilution space/hydrogen dilution space ratio. Rate 
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constants for the loss of 2H and 18o from the body were calculated by 
the two point method. The approach of these workers to fractionation 
was to relate fractionated water loss to carbon dioxide production rate 
using a modification of the approach described previously in this chapter 
and first used by Schoeller et al, 1986. The modification was that Jones 
et al assumed that 75% of skin surface area was exposed in their infants, 
which leads to insensible losses being approximately 80% of that lost as 
breath water, so that rf=3.18 rC02. Oxygen consumption and hence 
energy expenditure was calculated in two ways. Firstly the nutrient 
intake of the infant over the study period was assessed and an RQ 
derived from such information and secondly the RQ obtained by the 
respiratory gas analysis was used in the calculations. Some of the 
results of this study are shown in table 2.5 
[lQUblll Labflllfld Bf1sPiraiQ01 Gas 
~ Exchanafl 
~ .5.12 Mf1an. .5.12 
C02 Production 
Rate (1/kg per day) 10.4 1.1 10.5 0.9 
Energy Expenditure 1 
(kcal/kg per day) 58.5 6.1 57.3 5.1 
Energy Expenditure 2 
(kcallkg per day) 56.8 5.1 57.3 5.1 
Table 2.5. Some of the results of the validation study carried out by Jones et al,1988. 
Energy expenditure 1 has been calculated using an RQ derived from the diet of the 
infants, while energy expenditure 2 was calculated using the RQ obtained during the 
respiratory gas analysis. 
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A further validation of the doubly labelled water technique was carried 
out by Jones,Winthrop, Schoeller, Filler, Swyer and Heim in 1988. The 
approach was in many ways identical to their previous validation (Jones 
et al,1987) excepting the fact that the post surgical infants used in their 
later study underwent marked changes in nutrition during the study 
period. The infants were undergoing a change from parenteral to 
alternative parenteral and/or oral nutrition. The different diets including 
breast milk, lntralipid and SMA formula have different natural 
enrichments of 2H and 1BQ. These values ranged from -4.22 o/oo 1BQ and 
-37.3 o/oo 2H relative to SMOW for breast milk to -12.58 o/oo 18Q and -85%o 
2H relative to SMOW for a one-third dextrose two-thirds saline solution. 
As has previously been discussed, variation in natural background 
abundances during a study period can markedly affect the accuracy of 
the doubly labelled water technique. Unlike the validation study carried 
out in 1987 (Jones et al, 1987) there were large differences found 
between energy expenditure calculated from respiratory gas exchanges 
and doubly labelled water. The mean percentage difference was 11.8%. 
· After theoretical correction for the change in background isotopic 
abundance the mean percentage fell to 8. 7 %. Jones et al, (1988) 
concluded that the doubly labelled water method for measuring total 
energy expenditure should be applied with caution in studies where 
large dietary changes may occur during the period of the study. 
Thus it would appear that the doubly labelled water technique can be 
usefully applied to studies of energy metabolism in infancy so long as the 
potential problems described in this chapter are appreciated, understood 
and accommodated within the methodology. 
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CHAPTER 3 
The measurement of total enemy expenditure in a cohort of infants. 
INTROPUCTION 
The doubly labelled water technique offers,, for the first time, the 
opportunity to measure non-invasively, total energy expenditure in 'free-
living' infants and children. Thus the technique has great potential and 
value in nutrition, human biology and clinical medicine. Although the first 
human work using the doubly labelled water technique was reported 
over ten years ago there are still few data relating to total energy 
expenditure in infants and children. 
A detailed literature search indicates that, excluding the infants 
documented within this thesis, a total of 472 measurements of total 
energy expenditure have been made in individuals less than 18 years of 
age. 
These include 20 infants studied in the three validation studies described 
previously, 22 malnourished children in Peru (Fjeld, Schoeller and 
Brown, 1988), 15 children with a clinical condition, either cystic 
fibrosis(n=9; Shepherd, Holt, Vasquez-Velasquez, Coward, Prentice, 
Lucas, 1985) or Prader-Willi syndrome (n=6; Schoeller, Levitsky, 
Bandini, Dietz, Walczak, 1988), 14 obese individuals, ( n=7; Bandini, 
Schoeller, Edwards, Young, Oh, Dietz, 1989) and (n=7) Schoeller et al, 
1988, and 401 "normal" individuals, Further details of these normal 
children are shown in table 3.1 
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Authors tl ~ 
Butte et al, 1 988 16 4 month old infants 
Wong, Butte, Garza,Kiein. 1990 20 1 and 4 month old infants 
Roberts et al, 1988 18 3 month old infants 
Prentice, Lucas, Vasquez 
Velasquez, Davies, Whitehead. 133 0-3 year old 
1988 Gambian infants 
Prentice et al, 1988 31 9- 36 month old 
Cambridge infants 
Bandini et al, 1988 6 13- 18 year old 
non-obese controls 
Davies, Livingstone, Prentice 177 3 - 18 year old children 
Coward, Jagger, Stewart and 
Whitehead, 1990. 
Table 3.1 Some details of the studies in which doubly labelled water has been used to 
measure total energy expenditure in normal infants and children. 
lt is evident from table 3.1 that the doubly labelled water technique has 
been of interest to human biologists, clinicians and nutritionists. There 
are many questions relating to energy expenditure during infancy and 
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childhood that have already been addressed and numerous others that 
require answers. 
In this thesis I hope to address a number of such questions that can be 
posed and hopefully resolved now that energy expenditure can be 
measured in infants. Already the technique has been used in a number 
of clinical conditions (Shepherd et al, 1988; Schoeller et al, 1988). 
However a sustaining criticism of such studies has been the lack of 
adequate control data. There are many diseases and clinical conditions 
in early infancy that possibly involve lesions or extremes of energy 
metabolism. These include infants that fail to thrive and infants with 
cystic fibrosis and cerebral palsy. If these and other conditions are to be 
accurately and reliably assessed in infancy a control data set would be 
advantageous. This problem is the first to be tackled in this thesis. A 
cohort of infants have been recruited that allow such a control data set to 
be created. 
Also, the best method of expressing energy expenditure is considered. 
Total energy expenditure is known to be iftl:reed by body weight, sex, 
age and body composition and these factors may be confounders in the 
accurate assessment of energy expenditure in infancy. 
In the next section of the thesis differences in energy expenditure 
between the sexes and between breast and bottle fed infants are 
considered. 
A disease state. i.e cystic fibrosis, is then considered and the control data 
set is used as a comparison in the study of energy metabolism in this 
disease. 
Finally as the doubly labelled water method allows the assessment of 
body composition via the measurement of total body water, aspects of 
the prediction of body composition during infancy are discussed. 
The rest of this chapter will describe the cohort of infants recruited in 
order to create a control data set and the measurement of total energy 
expenditure in those infants. 
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METHODS 
The cohort of infants in this aspect of the study were recruited from the 
Rosie Maternity Hospital, Cambridge, England. This is a modern 
hospital serving the city of Cambridge and its surrounding area with 
approximately 4000 total births per year. Parents were approached 
following the birth of their child and the nature of the study explained to 
them. 
A total of fifty-two infants were recruited in to the study in this way, with 
written informed consent being obtained from the parents usually when 
the infant was 2 or 3 days old. 
The intention was to measure total energy expenditure using doubly 
labelled water on four occasions in the first year of life. These occasions 
were at or close to 6 weeks of age; at or close to 12 weeks of age; at or 
close to 6 months of age and at or close to 9 months of age. These study 
periods were known as periods A, B, C and D respectively. The dose to 
be given was calculated on a per kilogram body weight basis such that 
0.28 g per kg body weight H218Q and 0.10 g per kg body weight 2H20 
were used. These particular values were chosen as it was assumed that 
total body water was 70 % of body weight and therefore the dose 
received by each infant per kilogram body water would be 0.4 g of 
H218Q and 0.14 g 2H20. These dose levels were close to those 
recommended by Schoeller, (1983). An extra 1.5ml of H21BQ was added 
and prior to the administration of the dose approximately the same 
volume of the mixed isotopes were removed and stored for later analysis. 
The removal of a portion of the dose prior to administration allowed the 
actual enrichment of the dose given to be calculated. Thus, the portion 
had to include any milk or flavourings added to the dose. The dose was 
then given orally. In those infants being exclusively breast fed at the time 
of the doubly labelled water study the dose was most easily administered 
by allowing the infant to suck upon a nasogastric tube attached to a 
syringe containing the dose. In formula fed infants the dose was added 
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to approximately 10 ml of ready to feed formula in a standard feeding 
bottle. Before the administration of the dose a urine sample was 
collected from the infants in order to determine the natural background 
levels of 2H and 18Q in body fluids. Following the dose a single urine 
sample was collected each day for 7 days. The easiest method of 
collecting urine samples from small infants was found to be the 
technique described in detail by Roberts and Lucas, (1985). The method 
entailed parents recording the time that a dry nappy, containing three or 
four cotton wool balls strategically placed to absorb any urine produced 
was put on. The parents were then asked to check the nappy frequently 
to determine whether any urine had been produced by the infant. The 
time that a wet nappy was found was also recorded and the exact time of 
voiding was taken as the mid point between the two recorded times. The 
wet cotton wool balls were transferred into a 20ml syringe and the 
plunger was then used to force the urine from the cotton wool balls into 
1.5 ml sealable, plastic vials (Eppendorf vials). These vials were then 
placed into a 50ml Universal plastic container which was labelled with 
the child's study number, the date, and the time of the collection of the 
sample. Samples were usually kept frozen at home until the end of the 
study period when they were collected from the home and transferred to 
freezers at the laboratory. 
At the time of the administration of the dose a number of anthropometric 
measurements were obtained from the infant. Body weight was recorded 
with the infant nude using Seca 727 electronic scales. These are 
accurate scales that record weight to 10 grams. Body weight was 
recorded for a second time at the end of the 7 day study period. Supine 
length was measured to the last completed millimetre using a 
Harpenden lnfantometer. Mid upper arm and head circumferences were 
measured using a disposable paper tape measure. Skinfold 
measurements were taken at the triceps and subscapular sites using 
Holtain skinfold calipers. All anthropometric measurements were taken 
in triplicate with the mean value being used in subsequent calculations. 
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Analysis of jsotopic enrichment jn urjne samples. 
The isotopic enrichment of 2H and 18o in the pre and post dose urine 
samples were measured using an Aqua-SIRA isotope ratio mass 
spectrometer. This essentially consists of two 6cm radius 90° mass 
spectrometers sharing a common inlet system. The measurement of 
isotopic enrichment of the two isotopes was simultaneous. The method 
of isotopic enrichment analysis warrants further description. 
Urine samples to be analysed were firstly centrifuged at 6500 rpm for 4 to 
5 minutes. A portion of each sample was then transferred using Ultra 
pipettes into a 2ml glass vial (Chromocol, London). The vial was then 
sealed by use of a PTFE cap held in place with an aluminium surround. 
In order to measure the enrichment of 2H and 18o in any particular 
sample the following procedure was carried out. In our laboratory a Pye 
Unicam 4700 Autoinjector transfered 5 ul of the urine sample from the 
sealed vial into the Aqua-SIRA inlet system. The urine sample was 
injected through a silicone septum into a 200ml cylindrical expansion 
vessel. This vessel was constantly heated to 120 oc by means of an 
electric tape heater. Thus on injection of the sample there was almost 
instantaneous vapourisation of the urine sample. The urine vapour was 
held in the expansion vessel for 30 seconds before being allowed to 
proceed further through the inlet system. On leaving the expansion 
vessel the vapour was split into two streams. One of the streams entered 
one of the mass spectrometers and the 18oJ16o ratio was measured in 
the vapour as H2180fH216o, i.e mass 20 versus mass 18 in the vapour. 
The other stream of vapour was passed over approximately 250 
milligram of uranium particles in a furnace heated to 600 oc. At this 
temperature there was a reaction between the water vapour and the 
uranium thus:-
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This hydrogen gas so produced was then allowed into the second mass 
spectrometer. The deuterium enrichment was then measured as the 
ratio of 2H1 H/1 H1 H, i.e mass 3 to mass 2, in the hydrogen gas. 
The analysis of the enrichment of the sample takes place in the mass 
spectrometer analyser which consists, essentially of three parts. 
Firstly, there is the source; within this source the ionisation of the gas 
sample is achieved by passing a high intensity beam of electrons 
through the sample. The positive ions formed by collision of the electron 
beam with gas molecules in the sample are accelerated away from the 
source by virtue of the fact that the source itself is at a high positive 
voltage. The beam of positive charged ions are therefore repelled from. 
the source and directed through a series of slits and into the second 
major portion of the mass spectrometer, the flight tube. This tube forms 
the arc of a circle and is enclosed by a magnetic field. Thus, the ion 
beam is deflected by the magnetic field as it passes along the flight tube, 
with the ions of different mass being deflected by slightly different 
amounts. At the end of the flight tube, in the third major portion of the 
mass spectrometer analyser, the collector, distinct ion beams are present 
dependant upon the mass of the ion. The collector consists of a 
resolving slit and Faraday cup detectors. The current obtained from the 
Faraday cup is proportional to the number of ions striking it. A number of 
different Faraday cups can be present which will simultaneously 
measure the current produced due to ions of differing masses. The ratio 
of the isotopes are measured as the ratio of the electrical current found in 
the Faraday cups which collect the ion beams. When the sample is 
allowed into the mass spectrometer analyser a period of equilibrium is 
allowed before the actual ratio sampling occurred. Ratios are then 
measured for 15 seconds before the sample is pumped away in 
preparation for the next injection. 
After an injection a number of parameters are written to a computer disc 
for later recall. These include the injection number, the vial number, the 
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major beam value in nAmps the enrichment of the sample in parts per 
million and a measure of the precision of the ratio obtained for that 
particular injection. The parts per million (ppm) value of the isotope is 
basically the ratio of the major and minor beams x 106. The measure of 
precision is the standard deviation of the ratios obtained during the 15 
second sample period. Precision will be discussed in more detail later. 
Normally each vial is sampled 9 times. This regime helps to overcome 
memory effects within the mass spectrometer. These memory effects 
exist primarily due to incomplete evacuation of the previous sample from 
the inlet system and absorption of sample into the uranium furnace and 
the walls of the inlet system. Two other strategies are used to minimize 
the memory effect. These are regular and routine cleaning of the inlet 
system, and also an attempt to measure samples either in descending or 
ascending order of enrichment. The method of determining a suitable 
"run order" will be described . 
Qraanjsatjon of sample analysjs, 
Urine samples were usually organised in such a way that a single "run" 
contained about 35 to 45 vials. Each injection takes approximately 3.5 
minutes and therefore with. 9 injections per vial a run takes up to 24 
hours to complete. This enables the most efficient use of the mass 
spectrometer to be achieved with little or no "down time" during the night 
or at weekends. 
Before a detailed analysis of isotopic enrichment was carried out on 
samples from a group of infants a preliminary analysis of the urine 
samples collected on day one and day seven was undertaken. These 
samples represented the most and least enriched samples after the dose 
was given. Once these values were known for a group of infants detailed 
analysis could begin. Detailed analysis was usually carried out in 
batches of samples from three infants at a time. The day one and day 
seven deuterium enrichments, in delta units relative to Cambridge tap 
water were plotted on log-linear graph paper. An example of this is 
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given in figure 3.1. These points were then joined by a straight line. This 
line then represented the loss of isotope that would occur if all the 
assumptions of the model described in chapter 2 held perfectly. The time 
of the collection of urine samples between day 1 and day 7 were then 
marked on the straight lines as shown ( for the last few days only ) in 
figure 3.1. These points represented the theoretical enrichment of the 
intermediate urine samples based on the day 1 and day 7 samples. 
These theoretical values were then used to build up a run order for the 
analysis of samples in the last three days (shown in figure 3.2). The first 
three vials contained Cambridge tap water (CTW) a local reference 
water. This arrangement with the first two vials acting as washes 
ensured stable repeatable enrichments by the time the third vial was 
sampled. The computer program that controlled the automated analysis 
of the samples recognised the vial named CTW and and the last three 
ppm values for both 18Q and 2H enrichment were stored for later 
calculations. Vials 4, 5 and 6 contained the predose urine samples of 
the infants. Vials 7 and 8 contained a reference water, known as Ref3. 
This contained 2H and 18o in such quantities such that 2H enrichment 
relative to Cambridge tap water was about 300 a units and about 55 a 
units for 18o. The following six vials contained urine samples from the 
three subjects placed in ascending order of theoretical enrichment 
calculated from the data shown in figure 3.1. Included within these 
samples was vial number 12 named S34. This vial contained a solution 
of water made up to contain water enriched in 2H and 18o 
approximately midway between the water found in Ref3 and Ref4. This 
vial was treated as an unknown by the computer and thus the 
enrichments of isotope calculated for this vial enabled continuity 
between successive runs to be examined. In vials 17 to 20 urine 
samples were arranged in increasing order of enrichment; then the 
sequence was transposed with vials 23 to 42 being identical to vials 1 to 
20 but in descending order of theoretical enrichment. 
The urine samples for days 1 through to 4 were analysed in a separate 
run. This run also included the analysis of the dose given to the infant. 
Approximately 0.3 gram of the retained portion of the dose was dilute(j_irl 
1 OOg of tap water. This will give an enrichment similar to that found in 
the urine samples of the subject in the first day post dose. The diluted 
dose is placed in the run order close to the day 1 sample. 
The references are used within the samples to correct for machine drift 
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Figure 3.2. An example of a run order for the mass spectrometer analysis 
of the last three days of samples for three hypothetical 6 week old infants. 
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during the measurement period. This correction was achieved as the 
enrichment of the reference waters were known. Up to six different 
references may have been used in any one run the only constraint was 
that a reference started and ended a run. At the end of a run machine 
drift was corrected for by a comparison of the observed enrichment of the 
reference water with the known value stored within the computer 
program. A correction factor was calculated as: 
. Known value 
Correction factor= Observed value 
The correction factors were calculated for each reference and any 
variation between adjacent references were assumed to have occurred 
in a linear fashion and the correction factor applied to the sample data 
between the reference vials in a proportional nature. At the end of the 
run, after the application of any corrections due to machine drift, the 
enrichment of the 2H and 18Q in the samples were calculated in a units 
relative to CTW using ppm values for CTW of 148.62 for 2H and 1989.88 
for 18Q. These a values were then used in the calculation of total energy 
expenditure. 
Precision or reproducability of measurements of isotopic enrichment. 
The precision of isotopic measurements using the Aqua-SIRA have been 
previously subdivided into two components, internal and external 
precision (Barrie and Coward, 1985). 
The calculation of internal precision is based upon the variation in 
isotopic enrichment measured by the mass spectrometer in a single 
injection of sample. In practice, a measure of this precision was 
achieved by the calculation of the standard deviation of 15, one second, 
individual measurements of isotopic enrichment after a period of 
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equilibrium once the injected sample had been vapourised. Typical 
values for this standard deviation, sometimes referred to as sigma, were 
about 0.6 a units for 2H measurements, and about 0.1 a units for 180 
measurements. Higher values were treated with suspicion and 
investigated as they are not only indicative of poor precision but also 
insufficient unoxidised uranium in the furnace and air leaks in the inlet 
system. 
The calculation of external precision is based upon the the variation in 
isotopic enrichment from repeated, separate injections of the same 
sample. In routine use a sample from each vial was injected on nine 
separate occasions. As has been previously stated these repeated 
injections helped to overcome the memory effect of the inlet system and 
the mass spectrometers. Moreover, repeated injections allow the 
calculation of the standard deviation of the isotopic enrichments 
obtained. Typical values were 1.1 a units for 2H and 0.16 a units for 18Q 
measurements when measuring pure water at natural abundance to 
about 1.7 a units for 2H and 0.24 a units for 18Q measurements when 
measuring enriched ( approximately 900 a units ) samples. These 18Q 
data were comparable with previous values reported for Aqua-SIRA 
instruments( Barrie and Coward, 1985) but the 2H values were slightly 
higher than reported values. 
Duplicate measurements of isotopic enrichment were always taken 
accepting in a number cases where there was insufficient urine to allow 
for a duplicate measurement. Based on the analysis of 20 randomly 
selected infants from the cohort the standard error of measurement of 
duplicates (expressed in delta units) were 0.23 and 1.38 for 18Q and 2H 
respectively for samples collected in the first day following the loading 
dose. Samples collected after 7 days yielded a standard error of 
measurement of 0.53 and 1.59 for 18Q and 2H respectively. For enriched 
but non-biological samples, i.e. the portion of dose retained for analysis, 
the standard error of measurement was 0.18 and 1.47 for 18Q and 2H 
respectively. 
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Calculation of total energy expenditure. 
Total energy expenditure was assessed via calculation of carbon dioxide 
production rate using the multipoint approach. Dilution spaces were 
determined by back extrapolation and a constant proportion of total water 
output was assumed to be fractionated in all individuals. 
The calculation was made with a BBC Basic computer program written 
by the author. In effect the following data was initially typed into the 
program: a subject identification; the number of post dose samples; the 
amount of dose given (in grams); the amount of the dose that was diluted 
in tap water for the analysis of the enrichment of the dose; the amount of 
tap water used in that dilution; the body weight of the infant at the 
beginning and end of the study period. Further data required were the 
isotope enrichments in the predose urine samples and the enrichment 
found in the diluted dose; and the post dose information, i.e. the length of 
time, post dose, that the samples were collected and the 2H and 18o 
enrichments found within the samples. 
Following the data entry, the program then calculated total energy 
expenditure as follows:- the mean of the duplicate enrichments was 
calculated and then the logarithm of that mean calculated. The least 
squares linear regression line was then fitted to the log enrichment 
versus time data. The regression coefficients of the two regression lines 
were then the rate constant for isotope loss, i.e kd and ko. The 
coefficients were negative when calculated, however the positive value 
was used in further calculations. The anti log of the intercepts were used 
as Es in the equation 6 in chapter 2 to calculate the 2H and 18o dilution 
spaces, Nd and No. In this equation the value of Ep used was the mean 
of the predose enrichments; the value of Ea was the mean of the 
enrichments found in the diluted dose and Et in this case was 0 as 
Cambridge tap water was our local reference. 
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In rapidly growing infants it is necessary to account for the changing size 
of the 2H and 180 dilution spaces during the study period. Thus a 
dilution space at the end of the study period was calculated by assuming 
a proportional increase in dilution spaces and body weight over the 
study period. An average dilution space was calculated as ; 
N = 
(N1 - N2) 
In (N1/N2) 
where N1 and N2 are the dilution spaces at the beginning and end of the 
study period. This allows for an exponential change in N between times 
1 and 2. Moreover, the products Ndkd and Noko must be adjusted to 
take into account the gain in body water over the study period. This was 
achieved by subtracting the increase in body water in gram per day over 
the study period from the products. 
The fractionation factor used in the calculation was 0.13. The equation 
used within the computer program was that shown as equation 11 in 
chapter 2. Values for the fractionation factors f1, f2 and f3 where taken 
as 0.99, 0.93 and 1.04 respectively. 
Once the carbon dioxide production rate had been calculated total 
energy expenditure was derived via Weir's equation (Weir, 1949). In 
order to utilize this equation oxygen consumption was calculated using 
food quotients suggested by Black et al, 1986. These values are at 
period A and B, 0.87, while at periods C and D, 0.855. 
Calculation of the error associated with the estimate of carbon dioxide 
production rate. 
The fundamental equation for calculating C02 production rate is: 
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(Noko - Ndkd ) 
2 
This consists of four terms derived from two regression equations. lt will 
be recalled that the rate constants ko and kd are the regression 
coefficients of the regression lines of log isotope enrichment versus time, 
while the dilution spaces No and Nd are calculated using the antilog of 
the intercept of the two regression lines. Thus, as with any regression 
analysis, there are standard errors associated with the slopes, ko and kd 
and the intercepts, lo and Id, which are easily obtained. lt is correct to 
assume that these error terms, when appropriately combined, lead to the 
calculation of the estimate of the error associated with carbon dioxide 
production rate. However the method of appropriately combining the 
individual errors to obtain a final error is not immediately apparent or 
simple. Problems occur in the analysis of total error due to the 
interaction of the individual terms. 
In any regression line the slope (ko for example) and the intercept (lo, 
and hence No for example ) are highly correlated. The regression line is 
constrained to pass through the mean value of each axis and so the 
regression line of Jog isotope enrichment versus time can "pivot" about 
that point. Thus it can be seen that as the line pivots in one direction the 
slope will become larger as will the intercept while a movement in the 
other direction will lead to a reduced slope and intercept. This 
relationship must be adequately incorporated into the estimate of final 
error. This aspect of the error analysis was addressed by Coward et al, 
1988. They showed that by the use of Fieller's theorem, the correlation 
between the slope and the intercept could be incorporated into the final 
estimate of the error associated with carbon dioxide production rate. The 
variance of of the product of two quantities (e.g, Noko ) that are 
correlated is given by:-
Var(AB) = B2.Var(A) + A2.Var(B) + 2.rAB· A.B vVar(A). Var(B) 
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where A and B are those two quantities and rAB is the correlation 
between A and B. For the regression line of log isotope enrichment 
versus time that correlation can be calculated as t/t1 where t is the mean 
of the times post dose that samples were taken while t1 is the root mean 
square of the sample times. This elegant solution does not however take 
into account a further interaction in the terms. 
lt is immediately apparent when one analyses log enrichment data 
versus time that the residuals of 2H and 1Bo enrichments around the 
regression line are related. For example, a high residual above the 2H 
regression line is almost invariably associated with a high 1Bo residual 
above the line. 
This phenomena can be explained in physiological terms. Firstly, the 
loss of 2H and 18o from the body are closely linked. A transient period of 
high water turnover will be reflected not only as a high loss of 2H20 from 
the body but also H218o. 
Secondly, an increase in carbon dioxide production due to an increase 
in energy expenditure will be likely to be associated with an increase in 
H20 turnover due to an increase in sweating associated with the 
increase in energy expenditure. 
This problem of correlated residuals has recently been addressed by 
Cola (Cole,1990) and a solution put forward. The solution lies in the use 
of the ratio of 2H and 18o enrichments and the product of 2H and 18o 
enrichments. 
lt has already been stated that a large component of 18o loss from the 
body is reflected in 2H loss from the body, and thus carbon dioxide 
production rate can be seen to be related to 18o turnover adjusted for 
2H turnover. Thus the ratio of the 2H and 18o enrichments contain the 
information pertinent to carbon dioxide production rate, and, with the 
added advantage that fluctuations in water turnover affecting both 2H 
and 1Bo enrichments will cancel out in the ratio information. A 
regression line of log enrichment of the 2HJ18o ratio versus time will give 
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rise to a new slope (kr) and a new intercept (lr). While kr=ko-kd the same 
simple mathematical relationship cannot be applied to the intercepts. 
However, a regression line of the product of the log enrichments of 2H 
and 18o will give rise to another new slope kp and intercept lp and these 
values do allow the fundamental equation , 
r'C02 Noko - Ndkd 2 
to be rewritten using the terms kp, kr lp and Jr. As such, the effect of the 
correlation of the residuals will be removed. In this case the relationship 
between the intercepts and the dilution spaces is made more clear and 
straightforward if one calculates the reciprocal of equation 6 in chapter 2 
for each enrichment following the loading dose. Thus, in these terms, the 
reciprocal of the intercept is the dilution space. 
In order to arrive at a 'new' fundamental equation the following 
' procedure is adopted. 
2r'C02 = Noko-Ndkd, can be written as, 
2r'C02 = (ko-kd)(No+Nd)/2 + (ko +kd)(No-Nd)/2. 
it has already been stated that, 
kr=ko - kd and 
kp=ko + kd and so 
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2r'C02 = kr(No-Nd)/2 + kp(No-Nd)/2 
Now if (No+Nd)/2 and (No-Nd)/2 are rewritten in terms of lp and lr, thus 
(No+Nd)/2 = (1/~lr.lp + ~lr/lp)/2 = Ar 
and 
(No-Nd)/2 = (1/~lr.lp- ~lr/lp)/2 = Ap 
then our fundamental equation now becomes 
2r'C02 = krAr +kpAp. 
Then Fieller's theorem can be applied to these terms in order to take into 
account the correlation between the rate constants and the intercepts. 
This method of error analysis has been applied to all results shown in 
this thesis using computer software written by the author. 
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RESULTS 
The cohort of infants at recruitment. 
Birthweight 
Mean birthweight of the entire cohort was 3.42 kg. Four infants were 
classified as small for dates being on or below the 1Oth centile for 
birthweight after taking into account gestational age. Of these four 
infants one was male and breast fed, whilst the three formula fed infants 
consisted of two males and one female. 
Gestation 
The infants recruited into the study ranged from 36 weeks to 42 weeks 
gestation, with 76% of the infants being born between 39 and 41 weeks 
gestation. 
Age of mother 
There was no significant difference between the age of the mothers of 
the males and females, even though the mean age of the mothers 
bearing female infants was 2.6 years greater than the mean age of the 
mothers bearing male infants. lt should be noticed however that 36% of 
the female infants were the third child in the family while this figure was 
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only 9% for the males. There was a significant difference ( t=2.89, 
p<0.01) between the mean age of the mothers who choose to breast fed 
and those who choose to bottle fed their infants. This finding is in 
keeping with the OPCS 1985 Infant Feeding Survey (Martin and White, 
1988). This report stated that breast feeding was the initial mode of 
feeding in almost 90% of mothers aged 30 years or more. 
Some of the physical and demographic characteristics of the recruited 
infants are shown in table 3.2. The same characteristics are presented in 
tables 3.3 and 3.4 with the cohort divided by sex and diet. 
Results at Period A 
Table 3.5 shows the mean and standard deviation for a number of 
physical and anthropometric variables collected from the infants at 
period A. 
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Mean Standard peyjatjon 
Birthweight (kg) 3.42 0.45 
Gestational Age (weeks) 39.8 1.4 
Age of Mother (years) 28.75 5.04 
N ~ 
Male 22 42.3 
Female 30 57.7 
Maternally Fed 21 40.4 
Formula Fed 31 59.6 
Birth Bank 
1 21 40.4 
2 18 34.6 
3 13 25.0 
Social Class 
1+11 29 55.7 
Ill 14 26.9 
IV+V 7 13.5 
VI 2 3.9 
MQd~ Qf P~liY~Ol 
Standard Vaginal Delivery 34 65.4 
Liftout Forceps 7 13.5 
Assisted Breech 1 1.9 
Keilland Forceps 1 1.9 
Caesarian Section 9 17.1 
Table 3.2. Some of the physical and demographic characteristics of the 
infants recruited into the study. 
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MALE Cn-22) FEMALE Cn-30) 
Mml.n S!aodard M~ao S!aodard 
Devia!ioo Devia!ioo 
Birthweight(kg) 3.40 0.49 3.44 0.42 
Gestational Age (weeks) 40.1 1.6 39.6 1.1 
Age of Mother (years) 27.27 5.082 29.83 4.814 
N ~ N ~ 
Maternally Fed 7 31.8 14 46.7 
Formula Fed 15 68.2. 16 53.3 
Birth Baok 
1 10 45.5 1 1 36.7 
2 10 45.5 8 26.6 
3 2 9.0 1 1 36.7 
Social Class 
1+11 13 59.1 16 53.3 
Ill 5 22.7 9 30.0 
IV+V 3 13.6 4 13.3 
VI 1 4.6 1 3.4 
MQd~ Qf D~liY~Ol 
Standard Vaginal Delivery 11 50.0 23 76.7 
Liftout Forceps 5 22.7 2 6.7 
Assisted Breech 1 4.6 0 0.0 
Keilland Forceps 0 0.0 1 3.3 
Caesarian Section 5 22.7 4 13.3 
Table 3.3. Some of the physical and demographic characteristics of the 
infants recruited into the study divided by sex. 
63 
MATEBt:::I81.LY EEQ EQBM!.!L8 EEQ 
(n=21) (n=31) 
Mean Stam;la[d Mean Standa[d 
Qeviation Qeviation 
Birthweight(kg) 3.58 0.44 3.31 0.42 
Gestational Age (weeks) 40.0 1.1 39.7 1.5 
Age of Mother (years) 31.05 3.122 27.20 5.500 
N .%. N .%. 
Male 7 33.3 15 48.4 
Female 14 66.7 16 51.6 
Birth Bank 
1 8 38.1 13 41.8 
2 9 42.9 9 29.1 
3 4 19.0 9 29.1 
Social Class 
1+11 16 76.2 13 41.9 
Ill 5 23.8 9 29.0 
IV+V 0 0.0 7 22.6 
VI 0 0.0 2 6.5 
MQde Q! Qelive[V 
Standard Vaginal Delivery 7 81.0 17 54.8 
Liftout Forceps 1 4.8 6 19.4 
Assisted Breech 0 0.0 1 3.2 
Keilland Forceps 1 4.8 0 0.0 
Caesarian Section 2 9.6 7 22.6 
Table 3.4. Some of the physical and demographic characteristics of the 
infants recruited divided by diet. 
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Age (days) 
Supine Length (cm) 
Body Weight at start of study (kg) 
Body Weight at end of study (kg) 
Head Circumference (cm) 
Triceps Skinfold (mm) 
Subscapular Skinfold (mm) 
PERIOD A 
Entire cohort (n=49) 
Mean Standard peyjatjon 
35.7 3.3 
54.7 1.8 
4.42 0.48 
4.66 0.48 
38.0 1.2 
6.6 1.0 
6.8 1.1 
Table 3.5. The mean and standard deviations of some physical and 
anthropometric variables for the entire cohort of infants at period A. 
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Dose loss due to possetting or vomiting at the time of dosing with the 
stable isotopes or within the first hour following dosing led to the loss of 
three data points at period A. In the other 49 infants successful dosing 
was achieved and urine samples collected daily for seven days following 
the administration of the dose. 
The mean and standard deviation for the isotopic enrichment in the 
predose urine sample, the rate constants ko and kd, the intercepts of the 
regression lines of log enrichment versus time and the dilution spaces 
Nd and No and total energy expenditure per day are shown in table 3.6. 
In this table and all subsequent tables showing isotopic enrichments the 
delta values are relative to SMOW. 
Table 3.7 shows the mean and standard deviation of the standard errors 
associated with the slopes, ko and kd and the intercepts of the 
regression lines. Two standard errors are given for C02 production rate. 
These are the errors before and after the correlation between residuals 
has been taken into account. The values shown in table 3.7 are the 
standard errors expressed as a percentage of each variable. 
At the beginning of period A mean supine lengths were 54.7cm for both 
the males and females. These correspond to standard deviation scores 
of 0 and 0.5 respectively in comparison with British reference data 
(Tanner, Whitehouse and Takaishi, 1966). Mean body weights at the 
beginning of the study period were 4.51 kg and 4.37kg in the males and 
females respectively. These mean body weights lie between the 25th 
and 50th centiles for British children (Tanner et al, 1966). 
Results at Perjod B 
Table 3.8 shows the mean and standard deviation for a number of 
physical and anthropometric variables collected from the infants at 
period B. 
66 
67 
PERIOD A 
Entire Cohort (n-49) 
Mean Standard Deviation 
2H enrichment in predose urine (a %o) -25.3 6.3 
180 enrichment in predose urine (a %o) -4.1 1.4 
Kd 0.2488 0.0336 
Ko 0.2902 0.0368 
2H intercept (a %o) 964.4 153.0 
1BQ intercept (a %o) 203.3 32.8 
Nd (m!) 3033 266 
No (ml) 2919 271 
Total Energy Expenditure (kca!lday) 305 91 
Table 3.6. The mean and standard deviations of the predose enrichment of 2H and 
18Q in body fluid, the rate constants, intercepts, dilution spaces and total energy 
expenditure for the entire cohort at period A. 
kd 
ko 
2H Intercept 
18o Intercept 
C02 production 1 
C02 production 2 
Standard Error Expressed as 
a Percentage of each yarjable 
Mean Standard Deviation 
1.7 0.8 
1.4 0.8 
1.6 0.7 
1.7 0.8 
6.5 3.1 
5.8 2.7 
Table 3.7. The mean and standard deviations of the standard errors of 
the mean expressed as a percentage of each variable for the rate 
constants ko and kd the 2H and 180 intercepts and carbon dioxide 
production at period A. 
C02 production 1 is the calculated production taking into account the 
correlation between the rate constant and the intercept while C02 
production 2 also takes into account the correlation between residuals. 
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Mean 
Age (days) 77.6 
Supine Length (cm) 58.9 
Body Weight at start of study (kg) 5.64 
Body Weight at end of study (kg) 5.84 
Head Circumference (cm) 40.4 
Triceps Skinfold (mm) 7.4 
Subscapular Skinfold (mm) 7.6 
PEBIOPB 
Entjre Cohort (n-50) 
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Standard Peviatjon 
3.6 
1.9 
0.51 
0.51 
1.0 
1.2 
1.3 
Table 3.8. The mean and standard deviations of some physical and anthropometric 
variables for the entire cohort of infants at period B 
Dose loss due to possetting or vomiting at the time of dosing with the 
stable isotopes or within the first hour following dosing led to the loss of 
two data points at period B. In the other 50 infants successful dosing was 
achieved and urine samples collected daily for seven days following the 
administration of the dose. 
The mean and standard deviation for the isotopic enrichment in the 
predose urine sample, the rate constants ko and kd, the intercepts of the 
regression lines of log enrichment versus time and the dilution spaces 
Nd and No and total energy expenditure per day are shown in table 3.9. 
Table 3.10 shows the mean and standard deviation of the standard 
errors associated with the slopes, ko and kd and the intercepts of the 
regression lines. Two standard errors are given for C02 production rate. 
These are the errors before and after the correlation between residuals 
has been taken into account. The values shown in table 3.10 are the 
standard errors expressed as a percentage of each variable. 
At the beginning of period B mean supine lengths were 59.2cm and 
58.7cm for the males and females respectively. These correspond to 
standard deviation scores of -0.05 and -0.01 respectively in comparison 
with British reference data (Tanner et al, 1966). Mean body weights at 
the beginning of the study period 5.78kg and 5.54kg in the males and 
females respectively. These mean body weights lie between the 25th 
and 50th centiles for British children (Tanner et al, 1966). 
Besylts at perjod C 
Table 3.11 shows the mean and standard deviation for a number of 
physical and anthropometric variables collected from the infants at 
period C. 
Planned withdrawal from the study led to the cohort of infants at period C 
being reduced to 42. Dose loss due to possetting or vomiting at the time 
of dosing with the stable isotopes or within the first hour following dosing 
led to the loss of five data points at period C. In the other 37 infants 
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PERIOD B 
Entire Cohort {n-50) 
Mean Standard Deviation 
2H enrichment in predose urine (a %o) -25.3 7.1 
18Q enrichment in predose urine (a %o) -4.0 1.7 
Kd 0.2445 0.0333 
Ko 0.2848 0.0335 
2H intercept (a%o) 990.8 152.3 
1BQ intercept (a%o) 213.4 30.1 
Nd (ml) 3645 409 
No (ml) 3513 394 
Total Energy Expenditure (kcal/day) 406 107 
Table 3.9. The mean and standard deviations of the predose enrichment of 2H and 
18Q in body fluid, the rate constants, intercepts, dilution spaces and total energy 
expenditure for the entire cohort at period B. 
kd 
ko 
2H Intercept 
18o Intercept 
C02 production 1 
C02 production 2 
Standard Error Expressed as 
a Percentage of each variable 
Mean Standard Deviation 
1.7 0.8 
1.4 0.6 
1.7 0.8 
1.7 0.7 
5.6 2.6 
5.2 2.2 
Table 3.1 0. The mean and standard deviations of the standard errors of 
the mean expressed as a percentage of each variable for the rate 
constants ko and kd the 2H and 18o intercepts and carbon dioxide 
production at period B. 
C02 production 1 is the calculated production taking into account the 
correlation between the rate constant and the intercept while C02 
production 2 also takes into account the correlation between residuals. 
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PEBIODC 
Entjre Cohort ln-37} 
Mean Standard Deviation 
Age (days) 181.5 
Supine Length (cm) 66.7 
Body Weight at start of study (kg) 7.64 
Body Weight at end of study (kg) 7.77 
Head Circumference (cm) 44.0 
Triceps Skinfold (mm) 7.6 
Subscapular Skinfold (mm) 7.3 
Table 3.11. The mean and standard deviations of some physical and 
anthropometric variables for the entire cohort of infants at period C. 
5.1 
2.1 
0.77 
0.78 
1.3 
1.3 
1.3 
PER!ODC 
Entire Cohort (n-37) 
Mean Standard Deviation 
2H enrichment in predose urine (a o/oo} -24.8 6.7 
180 enrichment in predose urine (a o/oo} -3.8 1.3 
Kd 0.2216 0.0340 
Ko 0.2685 0.0375 
2H intercept (a o/oo} 992.5 163.2 
18Q intercept (a o/oo} 220.9 27.6 
· Nd (ml} 4525 374 
No (ml} 4417 368 
Total Energy Expenditure (kcal/day} 604 101 
Table 3.12. The mean and standard deviations of the predose enrichment of 2H 
and 18Q in body fluid, the rate constants, intercepts, dilution spaces and total 
energy expenditure for the entire cohort at period C. 
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kd 
ko 
2H Intercept 
1Bo Intercept 
C02 production 1 
C02 production 2 
Standard Error Expressed as 
a Percentage of each yarjable 
Mean Standard Oevjation 
1.9 1.2 
1.8 1.3 
1.8 1.1 
2.1 1.3 
5.0 2.7 
3.9 1.8 
Table 3.13. The mean and standard deviations of the standard errors of 
the mean expressed as a percentage of each variable for the rate 
constants ko and kd the 2H and 1Bo intercepts and carbon dioxide 
production at period C. 
C02 production 1 is the calculated production taking into account the 
correlation between the rate constant and the intercept while C02 
production 2 also takes into account the correlation between residuals. 
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successful dosing was achieved and urine samples collected daily for 
seven days following the administration of the dose. 
The mean and standard deviation for the isotopic enrichment in the 
predose urine sample, the rate constants ko and kd, the intercepts of the 
regression lines of log enrichment versus time and the dilution spaces 
Nd and No and total energy expenditure per day are shown in table 3.12. 
Table 3.13 shows the mean and standard deviation of the standard 
errors associated with the slopes, ko and kd and the intercepts of the 
regression lines. Two standard errors are given for C02 production rate. 
These are the errors before and after the correlation between residuals 
has been taken into account. The values shown in table 3.13 are the 
standard errors expressed as a percentage of each variable. 
At the beginning of period C mean supine lengths were 66.7cm for both 
the males and females. These correspond to standard deviation scores 
of -0.64 and 0.50 respectively in comparison with British reference data 
(Tanner et al, 1966). Mean body weights at the beginning of the study 
period 7.77kg and 7.57kg in the males and females respectively. These 
mean body weights lie between the 25th and 50th centiles for the males 
and between the 50th and 75th centiles for the girls in comparison with 
British children (Tanner et al 1966). 
Results at period D 
Table 3.14 shows the mean and standard deviation for a number of 
physical and anthropometric variables collected from the infants at 
period D. Unfortunately at period D there was significantly less 
compliance by parents and guardians, and a number of isotope studies 
had to be abandoned due to either the failure of the parents to collect 
sufficient urine samples, faulty or inaccurate labelling of sample 
collection pots or a single sample being recorded as two independent 
samples on successive days. Including infants whose data were lost 
because of dose loss due to possetting or vomiting at the time of dosing 
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PERIOD p 
Entire Cohort (n=22) 
Mean Standard Deyjatlon 
Age (days) 275 
Supine Length (cm) 70.4 
Body Weight at start of study (kg) 8.64 
Body Weight at end of study (kg) 8.76 
Head Circumference (cm) 45.6 
Triceps Skinfold (mm) 7.6 
Subscapular Skinfold (mm) 6.9 
Table 3.14. The mean and standard deviations of some physical and 
anthropometric variables for the entire cohort of infants at period D. 
5.6 
2.8 
1.0 
1.0 
1.1 
1.0 
1.0 
2H enrichment in predose urine (a o/oo) 
1BO enrichment in predose urine (a %o) 
Kd 
Ko 
2H intercept (a %o) 
1BQ intercept (a %o) 
Nd (ml) 
No (ml) 
Total Energy Expenditure (kcal/day) 
PERIOD P 
Entire Cohort (n-22) 
Mean Standard Deviation 
-23.1 6.3 
-3.7 1.3 
0.2076 0.0454 
0.2581 0.0533 
1054.9 105.1 
238.1 26.0 
5245 636 
5099 628 
750 160 
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Table 3.15. The mean and standard deviations of the predose enrichment of 2H 
and 18Q in body fluid, the rate constants, intercepts, dilution spaces and total 
energy expenditure for the entire cohort at period D. 
kd 
ko 
2H Intercept 
18o Intercept 
C02 production 1 
C02 production 2 
Standard Error Expressed as 
a Percentage of each yarajble 
Mean Standard Deviation 
2.6 1.7 
2.4 1.1 
2.4 1.7 
2.7 1.4 
6.5 3.4 
5.0 2.5 
Table 3.16 The mean and standard deviations of the standard errors of 
the mean expressed as a percentage of each variable for the rate 
constants ko and kd the 2H and 18o intercepts and carbon dioxide 
production at period D. 
C02 production 1 is the calculated production taking into account the 
correlation between the rate constant and the intercept while C02 
production 2 also takes into account the correlation between residuals. 
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with the stable isotopes or within the first hour following dosing ,the entire 
cohort consisted of 22 successful dosings at period D. 
The mean and standard deviation for the isotopic enrichment in the 
predose urine sample, the rate constants ko and kd, the intercepts of the 
regression lines of log enrichment versus time and the dilution spaces 
Nd and No and total energy expenditure per day are shown in table 3.15. 
Table 3.16 shows the mean and standard deviation of the standard 
errors associated with the slopes, ko and kd and the intercepts of the 
regression lines. Two standard errors are given for C02 production rate. 
These are the errors before and after the correlation between residuals 
has been taken into account. The values shown in table 3.16 are the 
standard errors expressed as a percentage of each variable. 
At the beginning of period D mean supine lengths were 70.2cm and 
70.5cm for the males and females respectively. These correspond to 
standard deviation scores of -0.99 and 0.12 respectively in comparison 
with British reference data (Tanner et al, 1966). Mean body weights at 
the beginning of the study period 8.74kg and 8.60kg in the males and 
females respectively. These mean body weights lie between the 1Oth 
and 25th centiles for the males and the 5th and 50th centiles for the 
females in comparison with British children (Tanner et al, 1966). 
Total Energy Expenditure 
Table 3.17 is a summary table showing the mean and standard 
deviation of total energy expenditure (kcal/day) at each period for the 
entire cohort. 
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Total Energy Expenditure 
!!seal per dayl 
.E.w:iQQ N Mf.an Slaodard l:lel1ialiQD 
A 49 305 91 
B 50 406 107 
c 37 604 101 
D 22 750 160 
Table 3.17. The mean and standard deviation of total energy expenditure (kcaVday) at 
each period for the entire cohort. 
In absolute terms for the entire cohort mean total energy expenditure 
increased almost 2.5 times between period A and period D. 
DISCUSSION 
If the recruited infants are to be considered as a control data set some 
discussion to the normality or otherwise of these infants should be 
undertaken. In this context the growth of the infants should certainly be 
considered. 
Over the entire period of the study, i.e from 5-6 weeks of age (period A) to 
9 months of age (period D) mean supine length increased by 15.5cm in 
the males and 15.8cm in the females. These are equivalent to growth 
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rates of 23.7cmyr-1 and 24.2cmyr1 in the males and females 
respectively. The British standard 50th centiles for growth velocity at the 
appropriate mid point of 0.423 year are 27.6cmyr1 in boys and 24.8cmyr-
1 in girls (Tanner et al, 1966 ). The mean male supine length showed a 
progressive trend of falling below the 50th centile for reference infants 
(Tanner et al, 1966) throughout the first 'nine months of life. Mean supine 
length expressed as a standard deviation score was 0 at period A and -
0.99 at period D. Such a trend was not apparent in the females with the 
mean standard deviation score changing marginally from 0.5 at period A 
to 0.12 at period D. 
Mean body weight was below the 50th centile for reference infants 
(Tanner et al, 1966) in the males. At periods A, B and C mean body 
weight was between the 25th and 50th centiles. At period D the mean 
value had fallen to lie between the 1Oth and 25th centiles. In the females 
the mean body weight was also between the 25th and 50th centiles 
except at period C were the mean value was slightly above the 50th 
centile. 
The growth patterns found in weight and length in the males, i.e being 
between the 25th and 50th centiles, or below the 25th centile, in this 
current study are very similar to the pattern of growth reported previously 
for large cohort of Cambridge infants (Whitehead, Paul and Ahmed, 
1989). Whitehead et al suggested that these growth patterns reflected 
the changes in infant feeding practice that had occurred since the data 
upon which British standards are based were collected. Recent changes 
in feeding practices will, argues Whitehead et al, result in a reduced total 
energy intake in early infancy. This reduction in energy intake might be 
expected to manifest itself as a reduction in body weight gain. The 
reduction in body weight gain may be due entirely to a reduction in the 
amount of body fat laid down in early infancy. The trend of both mean 
weights and lengths being below the 50th centiles for reference data was 
not so apparent in the females. Female mean supine length remained 
close to the 50th centile at all study periods while the mean body weight 
found in the females was generally below the 50th centile. 
Thus in summary the growth of the infants in weight and length described 
in this thesis are more similar to contemporary reference data (Nelson, 
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Rogers, Ziegler and Fomon, 1989; Whitehead et al, 1989) than older 
standards (Tanner et al, 1966). 
The mean skinfold thickness at both the triceps and subscapular sites 
. were markedly below the 50th centile for revised British standards 
(Tanner and Whitehouse, 1975), and again were much more similar to 
data presented by Whitehead et al,1989 pertaining to Cambridge infants. 
Specifically the mean male triceps skinfold value at all periods lies 
between the 50th and 75th centiles for the Cambridge infants and 
between the 1Oth and 25th centiles for British reference data. The mean 
male subscapular skinfold lies on the 75th centile in comparison with 
Cambridge infants at all periods and between the 25th and 50th for 
British reference data. 
In the females the pattern was similar. The mean triceps lies between 
the 5oth and 75th centiles for Cambridge reference data and on about 
the 25th centile for British reference data. At the subscapular site the 
mean values progressively fall below British reference data, lying 
between the 25th and 50th centiles at periods A and B and between the 
10th and 25th centiles at periods C and D. These are equivalent of lying 
between the 50th and 75th centiles for Cambridge reference data. 
lt is noteworthy that the head circumference data collected from the 
cohort of infants in this study showed a different trend relative to British 
standards (Tanner,1973) than previously descri:led' in this thesis for 
weight, supine length and skinfold thickness. In the males, mean head 
circumference was approximately 0.5 standard deviation scores above 
the mean at all periods (range 0.45 at period D to 0.68 at period C). In 
the females the mean head circumference was on average 0.65 
standard deviation scores above the mean (range 0.48 at period D to 
0. 75 at period C). The differences in male and female mean head 
circumferences reached statistical significance at the 5% level at periods 
Band C and at the 10% level at period D. 
The mean values found for the male and female head circumferences 
were very close to the 50th centile for a cohort of Cambridge infants 
previously described (Whitehead et al,1989; A. A. Paul personal 
communication). Thus in terms of growth the infants recruited into the 
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study are similar in many respects to growth patterns reported previously 
in Cambridge babies. 
Total Energy Expenditure. 
Essentially the calculation of carbon dioxide production rate via the 
doubly labelled water technique is based upon the difference between 
the rate of 1BQ and 2H loss from the body. This difference is easily 
calculated with knowledge of the rate constants ko and kd and the 
dilution spaces No and Nd. 
At the different ages studied these constants showed characteristic 
changes. The difference between ko and kd became progressively 
larger as the infants became older. At period A, ko was 16% greater than 
kd while this difference increased to 24% at period D. At the same time 
the absolute values of ko and kd decreased from 0.2902 and 0.2488 at 
period A to 0.2581 and 0.2076 at period D. This phenomenon is a 
consequence of the slowing of water turnover rate as the infant becomes 
older. In early infancy water turnover rate is very high and the reduction 
in this rapid turnover causes the reduction in absolute terms of the 
constants ko and kd. The increasing difference between the rate 
constants is a reflection of the greater role that 1BQ loss via carbon 
dioxide loss has in influencing the difference between 1BQ and 2H loss 
as water turnover slows. This is also influenced by the absolute increase 
in energy expenditure and hence carbon dioxide production rate as the 
infant becomes older. 
The absolute values of Nd and No also became larger as the infants 
become older. This is of course simply a reflection of the growth that 
occurred during the first 9 months of life. More important in many 
respects are the ratios of Nd:No and the percentage of body weight that 
is Nd and No. The mean and standard deviation of the Nd:No ratio at the 
different periods are shown in table 3.18. 
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Both Nd and No as a percentage of body weight showed similar trends 
as the infants became older. At period A the percentages were 68% and 
66% for Nd and No respectively. The percentages fell to a nadir at 
period C of 59% and 58% and then rose slightly at period D to 61 o/o and 
59%. The major influence upon the percentage of body weight that is 
water is the amount of body fat within the body. Body fat is anhydrous 
and lean tissue is relatively constant in its water content and thus a large 
amount of fat within the body will lower the percentage body water. Thus 
the percentage figures shown above indicate that the infants became 
progressively fatter from period A to period C and then slightly leaner at 
period D. These data are described in more detail in chapter 8. 
A 
B 
c 
D 
1.039 
1.038 
1.025 
1.029 
Nd·No Batjo 
Standard Devjatjon 
0.024 
0.019 
0.014 
0.014 
Table 3.18. The mean and standard deviation of the Nd:No ratio in the cohort of infants at 
periods A, B, C and D. 
The mean Nd:No ratios found in these data are similar to those reported 
in previous studies of infants, children and adults(IDECG, 1990). Some 
previous work would suggest that Nd:No ratios of less than one have 
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been found (IDECG,1990), however such values are physiologically 
impossible and no such values were found in the infants studied for this 
thesis. Both low and high estimates of the Nd:No ratio should be viewed 
with suspicion and the data producing such values should be 
reconsidered. This is because of the large effect that small changes in 
the Nd:No ratio have upon the calculation of carbon dioxide production 
rate. 
The standard errors of the estimate of carbon dioxide production rate 
shown in tables earlier in this chapter are summarized in table 3.19. 
~ Standard Error 1 Standard Error 2 
A 6.5 5.8 
B 5.6 5.2 
c 5.0 3.9 
D 6.5 5.0 
Table 3.19. The mean standard error of the estimate for the calculation of carbon dioxide 
production rate at periods A, B, C and D. The values are expressed as a percentage of 
the carbon dioxide production rate. The first standard error is calculated without taking 
into account the covariance in the raw data. 
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The second estimate is calculated after taking into account the 
covariance in the raw data and ranges from 7.0% to 23.0% less than the 
first estimate. The absolute values of the standard errors are slightly 
higher than those reported for older subjects (Coward et al, 1986) but 
compatible with other studies involving infants (Jones et al, 1987). The 
mean values of the standard error of the estimate show a trend of 
reducing from period A to period C and then increasing slightly at period 
D. This trend can be partly explained by methodological considerations. 
The standard error of the estimate expressed in percentage terms will 
tend to decrease as the difference between the rate constants ko and kd 
increases. lt has already been shown that the difference between the 
rate constants increased from 16% to 24% from period A to period D. 
However the difference between the rate constants were very similar at 
periods A and B while the mean standard error falls from 5.8% to 5.2%. 
Moreover, the mean standard error increases from period C to period D 
whereas this pattern is not seen in the difference in the rate constants. 
Thus while methodological error might account for some of the changes 
in the mean standard error of the estimate of carbon dioxide production 
rate the changes cannot be entirely explained by methodological 
considerations. Compliance at period D was generally worse than at 
any other of the study periods and the increase in the mean standard 
errors might be influenced by this reduction in compliance. Anecdotally, 
at period D many of the parents found the collecting of urine samples 
and the recording of the accurate time of the urine collection more 
troublesome than at earlier ages. Inevitably, an intensive study requiring 
the cooperation of parents and infants on many occasions in the first 
year of life will take its toll on the enthusiasm and commitment of those 
concerned. 
The mean and standard deviation of the calculated total energy 
expenditure in kcal per day at each period are shown in table 3.17. 
Discussion of these data are difficult as the values are influenced by 
body weight, body composition and possibly other factors such as sex 
and whether the infant was breast or formula fed. 
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The next chapter of this thesis will undertake to explore how total energy 
expenditure may be best expressed relative to body composition and 
body weight. 
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CHAPTEB4 
The adjustment of total enemy expenditure tor body weight and body 
composition 
INTRODUCTION 
lt is intuitive that body size and energy expenditure are related. There 
are few people who would not accept and appreciate that, for example, a 
horse expends more energy per day than a dog. Thus comparisons of 
energy expenditure between species or within species when there are 
major discrepancies in body size, will be confounded by differences in 
body size. This problem was apparent to the earliest students of energy 
metabolism. In the mid nineteenth century Sarrus and Bameaux, (1839) 
proposed the surface law to enable comparisons between different 
animals to be made. This law states that, when expressed relative to 
body surface area, energy expenditure (or metabolic rate as it was 
termed), was constant in adult homeotherms. The surface law rapidly 
became entrenched in physiological doctrine. The theoretical bases of 
the law expounded at the time were summarized by Kleiber (1947). He 
stated that the metabolic rate of animals must be proportional to their 
body surface area. This statement was based upon the following 
observations:-
1 ). The rate of heat transfer between animal and environment is 
proportional to the body surface area. 
2). The intensity of flow of nutrients, in particular oxidizable material and 
oxygen, is a function of the sum of internal surfaces which in turn is 
proportional to the body surface. 
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3). The rate of supply of oxidizable material and oxygen to the tissues is 
a function of the mean intensity of the blood current, which is proportional 
to the square area of the blood vessels which in turn is proportional to the 
area of the body. 
4). The composition of the animals is a function of their body size. The 
composition may be meant either anatomically: the larger the animal the 
lower is the ratio of the mass of metabolically active organs to the mass of 
metabolically inert organs; or the composition may be meant chemically: 
the larger the animal the lower its percentage of "active protoplasm". 
5). The cells of the body have an inherent requirement of oxygen 
consumption per unit weight, which is smaller the larger the animal. 
So entrenched was this law that when Mitchell and colleagues (Mitchell, 
Hamilton and Haines, 1940) produced data from the rat that did not fit the 
law it was suggested that they had made fundamental errors in their 
calculation of body surface area. 
Mathematically, bodies of similar shape have surface areas proportional 
to the squares of their linear dimensions, or 2f3 power of their volumes. If 
density is constant then surface area is proportional to 2f3 power of body 
weight. In this way the surface area .law came to be interpreted as 
metabolic rate expressed relative to body weight raised to the 2f3 power. 
This expression of body weight was accepted, almost exclusively, and 
used throughout human and animal studies for 70 years. 
The first three decades of the twentieth century saw the realisation that 
while the surface law might be the most appropriate method of 
standardising metabolic rate, surface area itself could not be defined 
sufficiently well. A number of physiologists (Krogh, 1916; 
Stoeltzner, 1928; Brody, Comfort and Matthews, 1928) suggested that 
another power function of weight be sought that might relate to metabolic 
size and in 1932 Kleiber suggested the 3f4 power as the best function of 
body weight to standardise metabolic rate in adult homeotherms. 
90 
Almost immediately Brody and Proctor (1932) and Brody, Proctor and 
Ashworth (1934) put forward a more defined weight power of 0.734 
based on the analysis of data from a wide range of mammals. An official 
seal of approval was given to this power function by the USA National 
Research Council in 1935 although the committee stated that whether 
the change from 0. 75 (Kieiber, 1932) to 0. 734 was either biologically or 
statistically valid was uncertain. 
Later Kleiber (1947) showed that metabolic rate was best expressed to 
body weight 0.75 in a group of mammals ranging from a 21g mouse to 
600kg cow. In this particular study the best power was derived 
statistically without recourse to a physiological model. 
Appropriate methods of expressing energy expenditure relative to body 
weight were still actively being sought more than 20 years later (Sinclair, 
1971 ). The surface law was still a consideration although attitudes 
towards this model were now less intransigent, as shown by the fact that 
when the data produced by Sinclair, 1971 for energy expenditure in 
neonates did not fit the model, the model was questioned and not, as 
previously, the data. 
Parallel to developments in the expression of energy expenditure to body 
weight raised to a power, was the concept that energy expenditure was 
best expressed relative to 'active tissue mass'. This concept was first 
voiced by Benedict and Talbot in 1914. The major problem of this 
method of expression, acknowledged by these workers, was that the 
calculation of active tissue mass is not straightforward. Since 1914 
active tissue mass has been defined as lean body mass, fat free mass 
and cell mass. 
Owen, Holup, D'Aiessio, Craig, Polansky, Smalley, Kaule, Bushman, 
Owen, Mozzoli, Kendrick, and Boden (1987), determined that resting 
metabolic rate was best predicted in adult men when fat free mass was 
included in the regression equations, and more recently Ravussin and 
Bogardus (1989) have addressed in detail the expression of energy 
expenditure relative to fat free mass. These authors suggest that fat free 
mass should be used as the denominator in comparisons of energy 
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expenditure between individuals. Indeed, these authors take the concept 
of expressing energy expenditure relative to fat free mass a step further. 
They suggest that because of a mathematical bias it is incorrect to 
express metabolic rate data per kilogram fat free mass when attempting 
to standardise measurements. Also, that regression analysis should be 
used to take into account totally the effect of fat free mass upon total 
energy expenditure. This is a slightly different approach to using a power 
function of weight or fat free mass but nevertheless the same effect will 
be achieved. 
Thus there are a number of ways in which the total energy expenditure 
data in this thesis might be best expressed. Firstly, the data can be 
expressed as kcal per day as in chapter 3 and therefore not be adjusted 
for 'body size' at all. Secondly, body weight can be taken into account by 
expressing total energy expenditure as kcal per kilogram body weight 
per day. Thirdly, the data might be expressed as kcal per kilogram fat free 
mass per day. Finally, the best power to which to raise body weight in 
order to negate the influence of body weight on energy expenditure 
could be calculated. 
The first three of these methods of expression are relatively easy to 
achieve. Further calculations are required if energy expenditure is to be 
expressed relative to body weight raised to some power that completely 
negates the effect of body weight upon total energy expenditure. 
METHODS 
Body weight was recorded at the time of administration of the dose of 
doubly labelled water and again after the final urine sample was 
collected seven days later. The mean of these two body weights was 
used as the denominator in the calculation of energy expenditure per 
kilogram body weight per day. The calculation of energy expenditure per 
kilogram fat free mass warrants further and more detailed description. 
The calculation of total energy expenditure using doubly labelled water. 
requires that the isotope dilution spaces Nd and No be calculated. 
These dilution spaces have often been equated with total body water 
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(Schoeller et al, 1980; Halliday and Miller, 1977; Whyte et al, 1985.). 
While it is well known that the deuterium oxide dilution technique 
overestimates total body water, due to exchange of the deuterium atom 
with non-aqueous hydrogen in the body, the H21so dilution space is 
known to be much closer to true total body water. Indeed animal studies 
have shown that total body water measured using H218Q and by 
desiccation are in close agreement (Whyte et al, 1985). Thus H21so has 
been used successfully to measure total body water in a number of 
recent studies. The measurement of total body water has been used for 
many years for the assessment of body composition. Total body water is 
a useful body composition parameter per se, and fat free mass and fat 
mass are often derived from total body water, based on the concepts that 
the water content of the fat free mass is constant and that fat is anhydrous 
(Forbes,1962; Behnke and Wilmore, 1974). 
Thus fat free mass was calculated in this thesis using the H21so dilution 
space (No). As body weight changes over the seven day study period it 
is reasonable to assume that total body water also changes in this time. 
In order to arrive at a mean total body water it was assumed that total 
body water was the same percentage of body weight at the end of the 
study period as it was at the beginning of the study period. Thus a mean 
total body water was calculated using the two dilution spaces. This mean 
was then used to calculate fat free mass assuming that the fat free mass 
was 80.35% water at period A, 79.9% at period 8, 79.41% at period C 
and 79.17% at period D. These figures are a sexes combined mean 
value calculated from the reference data published by Fomon, Haschke, 
Ziegler and Nelson, 1982. 
The relationship between body weight (Wt) and total energy expenditure 
(TEE) can also be adjusted for by linear regression. Alternatively, an 
index in the form TEE/WtP can be used where the value of p the power of 
body weight is chosen to make the index highly correlated with total 
energy expenditure but uncorrelated with body weight. The appeal of 
this latter approach is that it is already standard practice to work with the 
index TEE/Wt, i.e, total energy expenditure p~r kg body weight. This is a 
special case of the more general index, where the power, p, is 1. There 
are several different ways of determining the best value of p each 
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involving slightly different assumptions but they all will give very similar 
results. The simplest approach which has an obvious connection with 
linear regression is to consider the correlation between the logarithm of 
the index TEE/WtP and the logarithm of body weight. The log index can 
be rearranged as follows:-
log(TEE/WtP) = log(TEE) - p.log(Wt), 
which shows why logarithms are useful here. They allow the index to be 
expressed as a linear function of logTEE and logWt, which is then 
suitable for analysis by linear regression. If the log index is to be 
uncorrelated with logWt then P must be chosen to remove all the logWt 
information from logTEE. This is equivalent to saying that p should be 
the slope of the regression line relating logTEE to logWt. Natural 
logarithms, to the base e, are used. An example of this approach follows. 
Consider the table of hypothetical body weights and total energy 
expenditures shown in table 4.1. 
lt is apparent that total energy expenditure changes markedly with body 
weight. lt is also apparent that if the total energy expenditure values are 
expressed per kg body weight the resulting values will also be very 
different, in each case, ranging from 1 OOkcal/kg in the lightest individual 
to 250kcal/kg in the heaviest individual. That is to say, the use of the 
TEE/WtP where p =1 does remove entirely the influence of body weight 
upon total energy expenditure. If logs of the weights and energy 
expenditures are taken and the resulting log(TEE) values regressed 
upon log(Wt) values the regression equation found is shown below:-
log(TEE) = 3.912 +2.00.1og(Wt). 
This would indicate that in the hypothetical data set shown in table 4.1 
the power of p that should be used in the index TEE/WtP in order to 
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remove the influence of weight upon energy expenditure is 2, i.e square 
body weight. In retrospect it can now be seen that if the total energy 
expenditures shown in table 4.1 are expressed per kg body weight 2 all 
the individuals will have a value of 50kcal/kg2. 
BodyWejght 
(kg) 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
Total Energy Expendj!J![e 
(kcal per day) 
200.0 
312.5 
450.0 
612.5 
800.0 
1012.5 
1250.0 
Table 4.1. Hypothetical body weight and total energy expenditures used in the example 
of the adjustment of total energy expenditure for body weight. 
In general the relationship between total en~rgy expenditure and body 
weight in a real situation is unlikely to be an integer and likely to change 
with age. In this thesis data were collected at four distinct ages and so 
the power p can be calculated for each age group separately. This 
analysis will also give four distinct intercepts, being the Jogs of the 
geometric mean TEE/WTP, for each age group. 
It was decided to examine the entire cohort without dividing by sex or 
diet. This decision was based upon a number of factors. Firstly there are 
precedents for this approach in previous work relating body size to total 
energy expenditure (Brody and Proctor, 1932; Kleiber, 1947; 
Sinclair, 1971 ). Although body size may be effected by sex and diet this 
is unimportant to the analysis to be undertaken. We are simply 
concerned with the effect of body size on total energy expenditure. 
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Secondly, sample size is important in the analysis and the numbers of 
male and females at period D specifically, would therefore be restrictive. 
For this analysis the longitudinal aspect of the data is ignored. The 
interest is in the cross-sectional or between subjects relationship 
between total energy expenditure and body weight at different ages not 
the within subject change from one age to another. In practice the 
standard errors of p are likely to be large and there is an advantage in 
using an average figure for the slopes and hence p so long as the 
individual values are not too dissimilar. lt is thus possible to repeat the 
regression analysis fitting four intercepts but constraining the slopes to 
be the same at each time period. 
RESULTS 
The mean and standard deviation of total energy expenditure expressed 
as kcal/kg body weight per day and kcal/kg fat free mass per day are 
shown in table 4.2 
Details of the regression equations relating log body weight to log total 
energy expenditure are shown in table 4.3. 
The individual regression coefficients at each period were not 
significantly different and this led to a second analysis where the 
regression coefficient at each period were constrained to be the same 
but with different intercepts. The results of this analysis are shown in 
table 4.4. 
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Total Eneray Expenditure 
kcal!kg body wejght kca!Jkg fat free mass 
f.e.riQd Mean .sil Mean .s.o. 
A 67.2 19.1 81.4 21.8 
B 71.0 18.0 90.9 21.7 
c 78.7 12,4 107.8 15.5 
D 87.9 18.4 116.2 23.7 
Table 4.2. The mean and standard deviation for total energy expenditure expressed as 
kcaVkg body weight per day and kcal per kg fat free mass per day for the entire cohort at 
periods A, B, C and D. 
f.e.riQd N IDI!lrC!lPI B!lQJ:fl~~iQD Slaodard 
QQelliciecl .Ermr: 
A 49 4.72 0.64 0.40 
B 50 5.22 0.43 0.42 
c 37 5.26 0.55 0.26 
D 22 5.14 0.68 0.35 
Table 4.3. The intercepts, regression coefficients and its standard error for the 
regression equations of log total energy expenditure on log body weight at periods A, B, 
CandD. 
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.E.e.riQd. .1:::1 Intercept B!l!J[!lSSiQD l:lland<m! 
QQ!llfiQi!lDI .EUQJ: 
A 49 4.79 0.58 0.19 
B 50 4.96 0.58 0.19 
c 37 5.21 0.58 0.19 
D 22 5.35 0.58 0.19 
Table 4.4 The intercepts, regression coefficients and its standard error for the regression 
equations of log total energy expenditure on log body weight at periods A, B, C and D. 
with the regression coefficients constrained to be the same at each period. 
Thus when the regression coefficients at each period are constrained to 
be the same at each period the value is 0.58 with a standard error of 
0.19. This indicates that in order to negate the effect of body weight upon 
total energy expenditure body weight should be raised to the power 0.58. 
PISCUSSION 
The mean total energy expenditure expressed per kilogram body weight 
for the entire cohort shows a rapid increase in the first nine months of life 
changing from a mean value of 67.2 kcal/kg per day at period A to a 
mean value of 87.9 kcal/kg per day at period D. The major component 
of total energy expenditure, i.e the basal metabolic rate is remarkably 
consistent and constant during the first year of life when expressed on a 
per kilogram body weight basis (Waterlow, 1989; Davies and Joughin, 
unpublished results) and so the 30% increase in total energy 
expenditure between period A and period D will almost certainly be due 
to an increase in physical activity during this time. 
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The values of total energy expenditure per kg body weight at period A for 
the entire cohort were very similar to those published for ten babies by 
Wong et al, (1990). Those ten infants consisted of eight males and two 
females who were being formula fed (Enfamil, Mead Johnson or Similac, 
Ross Laboratories). Mean age of the infants studied by Wong et al was 
33.1 days. Mean age at period A in this thesis was 35.7 days. Mean total 
energy expenditure, measured using doubly labelled water, in the infants 
studied by Wong et al was 67.0 kcal/kg body weight per day, with a 
standard deviation of 7.7kcals/kg body weight per day. There was no 
significant difference between these results and the mean total energy 
expenditure for the entire cohort of infants (t=0.07; p>0.94), or the 
formula fed infants only (t=1.08; p<0.31 ), studied in this thesis. 
Prentice et al,1988 published data for total energy expenditure for 0 to 3 
month old infants from the Gambia. The mean value within this age 
range was 77kcal/kg body weight per day with a standard deviation of 21 
kcal/kg per day. This value is higher than the mean values found at 
periods A and B in this thesis. Between 3 and 6 months of age the mean 
values reported from the Gambian infants were much closer to the mean 
values found at period C in this thesis being 77kcal/kg per day. Between 
6 months and 12 months of age the mean value calculated from the 
Gambian data is 79kcal/kg body weight per day which is some 10% 
lower than the value reported in this thesis for the infants at period D. 
The increase in total energy expenditure for the entire cohort when 
expressed on a per kg fat free mass basis was 43%. No comparative 
data exist for total energy expenditure expressed relative to fat free mass. 
An attempt has also been made to determine the most appropriate 
manner in which an infant's total energy expenditure should be 
expressed relative to body weight in order to minimise the inherent 
correlation between body weight and energy expenditure. The analysis 
used depends on there being a narrow range of ages within each age 
group. A large age range within a group would have confounded the 
analysis of the relationship between energy expenditure and body 
weight since energy expenditure is strongly related to age in the first few 
years of life. The coefficient of variation (expressed as a percentage) of 
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age in this study was 9.2, 4.6, 2.8 and 2.0% at periods A, B, C and D 
respectively, sufficiently small to justify the analytical approach. 
The average regression coefficient for the relationship between log body 
weight and log energy expenditure of 0.58 (s.e. = 0.19) was significantly 
different both from 0 and from 1. A regression coefficient of 0 would have 
indicated that energy expenditure was not related to body weight at all, 
whilst a regression coefficient of 1 would indicate that an adjustment to 
kcal/kg body weight was appropriate to remove the body weight effect 
upon energy expenditure. Conversely the average regression coefficient 
of 0.58 is very close to 0.5 which indicates that a numerically convenient 
and statistically valid adjustment of energy expenditure in early infancy 
would be to express energy expenditure as kcal/kg0.5 that is, per square 
root of body weight. 
Further support for using kg0.5 as an adjustment for body weight has 
been provided by a recent study on adult Gambian women (Lawrence, 
1988). In this study it was shown that there was a significant negative 
correlation between energy expenditure per kg body weight and body 
weight during many activities including sitting and standing. This 
correlation was eliminated in nearly every case when energy 
expenditure was expressed per kg0.5 body weight. In the present study 
at each period there was a negative correlation between energy 
expenditure, expressed per kg body weight, and body weight; the 
correlation reaching significance at the 10 per cent level at period C (r =-
0.26). Lawrence (1988) explained this phenomenon by pointing out that 
the percentage differences in body weight when raised to the power 0.5 
are virtually the same as the percentage differences in energy expended 
during a particular task if half the total energy expended was involved in 
moving the body and the other half expended in carrying out a fixed 
amount of external work. Consequently the energy expenditure when 
expressed per kg0.5 body weight would be similar between subjects. 
This explanation was offered to account for observations of adult 
Gambian women. The amount of external work carried out by infants is 
obviously minimal, and therefore this explanation may not be entirely 
appropriate for young infants. Basal metabolic rate has also been shown 
to be relatively constant when expressed on a per kg0.5 body weight 
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basis (Lawrence, 1988). The basal metabolic rate and total energy 
expenditure of young infants are more similar than those of older children 
and adults and so the influence of the basal metabolic rate relationship 
may be prevailing. 
Evidence to support the expression of energy expenditure relative body 
weight0.5 can also be found in the literature relating to animal husbandry. 
Millward and Garlick (1976) suggested that heat production (energy 
expenditure) raised to the power 0.56 might be a general physiological 
relationship. This speculation was based upon the findings that total 
energy expenditure in growing pigs was best expressed relative to body 
weight 0.56 (Kielanowski, 1969; Thorbeck, 1969; van Bowland, Bickel, 
Wenk, Pfirter and Schruch,1970); and also in rats (Walker and 
Garrett,1970; McCracken, 1975). The same relationship had also been 
reported in pigs some 30 years previously (Breirem, 1939). 
When total energy expenditure was expressed as kcai/..Jkg per day for 
the entire cohort there was an increase of 43% between period A and 
period D. 
The mean and standard deviation of total energy expenditure expressed 
as kcai/..Jkg body weight per day are shown in table 4.5. 
There are few comparative data of total energy expenditure expressed in 
this manner. However it is noteworthy that total energy expenditure can 
be recalculated in the form of kcai/..Jkg body weight per day from the raw 
data published by Wong et al,1990, for 10 infants of mean age 33.1 days. 
This recalculation leads to a mean value for these 10 infants of 
142.9kcai/..Jkg body weight per day. This is exactly the same as the 
mean value found for the infants at period A (mean age 35.1 days). The 
raw data published by Wong et al,1990 for total energy expenditure in 
infants aged about 4 months of age (mean age 113.5 days) can be 
recalculated as 177.6 kcai/..Jkg body weight per day. These infants are 
aged approximately midway between the infants in this thesis at periods 
B and C. Linear interpolation of the total energy expenditure data at 
periods B and C leads to the figure of 185 kcai/..Jkg body weight per day 
at an age of 113.5 days. 
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Total Enemy Expenditure 
(kcalblkg body weigh!l 
~ Mean .ao. 
A 142.9 40.9 
B 169.6 43.2 
c 217.8 34.2 
D 256.3 51.8 
Table 4.5. The mean and standard deviation of total energy expenditure in kcaVv'kg body 
weight per day in the entire cohort at periods A, B, C, and D. 
Thus there are a number of ways in which total energy expenditure can 
be expressed relative to body weight or body composition. These data 
will now be used to create a control data set. 
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CHAPTER 5 
perjyatjon of a control data set. 
INTRODUCTION 
One of the aims of this work was to attempt to construct a control data set 
that might be of use in current and future studies of energy expenditure in 
infancy in disease states. 
lt is important to stress that it is hoped that the data will act as a control 
data set and not a standard for total energy expenditure in early infancy. 
A control data set simply means that the raw data has been arranged in 
such a way that other data can easily be compared to it. The data is not 
valid either biologically or statistically to act as a standard, a term which 
implies some measure or indication of desirability. 
To this end one approach that could be adopted would be the 
construction of a set of normal limits for total energy expenditure in 
infancy. This approach is well documented (Healy, 1969a; Healy, 1969b, 
Healy, 1974). These normal limits are usually derived from the mean 
and standard deviation of the data set. Thus in many cases the normal 
limits are set as being the mean value ± 2 standard deviations. 
Nevertheless further and perhaps more useful and descriptive 
information can be potentially derived from the mean and standard 
deviation. If these two parameters are known the standard deviation 
score (SD score ) or Z score of any given measurement can be 
calculated:-
SD score Measurement - Mean Standard Deviation · 
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The advantage of calculating SD scores is that descriptive and 
comparative statistics can easily be applied to data expressed in this 
way. Standard deviation scores are also of particular use when the 
infant or child being studied is near the extreme of 'normal' values. 
Indeed a WHO report recommended that SO scores be used rather than 
centile positions when attempting to classify malnutrition (Waterlow, 
Buzina, Keiller, Lane, Nichaman and Tanner, 1977). 
However the use of SD scores is difficult when the data are not normally 
distributed. 
Auxologists, clinicians and research workers in the field of growth and 
development have for many years used centile charts to describe and 
monitor anthropometric measurements. Such centiles are usually 
calculated in one of two ways. Firstly they can be calculated from a data 
set in a non-parametric manner. In this way the data are arranged in 
numerical order and the position or value associated with any centile 
simply counted off. The major drawback of this method is that large 
numbers are required. The position of the 3rd centile in a data set, for 
example, could not be expected to be determined accurately with less 
than a few hundred data points. Thus the application of this approach to 
the current data set would not be appropriate. 
Alternatively, centiles can be calculated parametrically using the mean 
and standard deviation of the data set. This method requires far fewer 
data points for the same degree of accuracy than does the 
nonparametric approach. Healy, (1974) calculated that at more extreme 
centiles (3rd and 97th for example) four times as many data points were 
required by the non parametric approach. 
However, the parametric approach will only be applicable when the data 
set is normally distributed or can be easily transformed to a normal 
distribution. 
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A number of methods have been devised in order to be able to report SO 
scores or construct centile charts from non normally distributed data via 
means and standard deviations. 
Van't Hof, Wit and Roede (1985) suggested that any given data set, for 
example weights of children between the ages of 1 and 1.5 years, be 
normalised by the use of a power transformation calculated to remove 
any skewness in the data and produce normally distributed data. Such a 
power transformation is known as the Box-Cox power (Box and 
Cox, 1964). Once a normal data set has been produced the mean and 
standard deviation of the transformed data can be used to produce either 
centiles for the data or standard deviation scores for any individual. If 
attempting to construct centiles in relation to age Van't Hof et al suggest 
that the Box-Cox power at different ages be smoothed to allow the 
calculated centiles to change smoothly with age. 
This approach of normalising any given data set by use of a Box-Cox 
power transformation in order to produce centiles has been modified and 
adapted by Cola (Cola, 1988) and has been termed the LMS method of 
centile calculation. 
This method for the production of centiles has recently been described in 
detail (Cole, 1990). Essentially the method produces three variables L, M 
and S that are derived from the raw data set which allow the calculation 
of any centile for that particular data set. The M term is a generalised 
mean. The S value is a generalised coefficient of variation and the L 
term is the Box-Cox transformation of the data that removes any 
skewness present in the data set. Once the L, M and S values are 
known at a given age they can, if required, be smoothed with age 
thereby producing centile lines that change smoothly with age. The LMS 
method has been used to generate centile data for the biceps, triceps 
subscapular and suprailiac skinfold sites in the Nymegin growth study, 
arm circumference and Quetelet's (weight/height2) Index (Cole et al 
1989) and supine length and height (Cole, 1988). 
Although the LMS method has only been applied to anthropometric data 
there is no reason why the methodology may not be applied to other data 
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that may not be normally distributed. Thus the technique has been 
applied in this thesis to the energy expenditure data at period A , B, C 
and D when total energy expenditure is expressed as kcal per day, kcal 
per kg body weight per day, kcal per vkg body weight per day and kcal 
per kg fat free mass per day. 
METHODS 
In this analysis the entire cohort has been analysed together without 
dividing by sex or diet. This aspect of the methodology will be discussed 
later. 
The L, M and S values were calculated from the raw data using a Minitab 
(Minitab Inc. State College, Pennsylvania, USA) macro computer 
program written by TJ Cola and the author. The approach is similar to 
that described by Cola, (1990). Firstly, the geometric mean (Mg) and 
geometric coefficient of variation (Sg) of the data are calculated. The 
geometric mean is the antilog of the mean of the natural logarithms of the 
raw data. The geometric coefficient of variation is the standard deviation 
of the natural logarithms of the raw data. Next the mean and standard 
deviation of the raw data set are calculated. The mean is the arithmetic 
mean (Ma) and the arithmetiC coefficient of variation (Sa) is calculated by 
dividing the standard deviation by the geometric mean. Finally, in this 
phase of the calculations, the mean and standard deviations of the 
reciprocals of the raw data set are calculated. The reciprocal of the 
mean value is the harmonic mean (Mh) while harmonic coefficient of 
variation (Sh) is calculated as the standard deviation multiplied by the 
geometric mean. The Box-Cox transformation that normalizes the data 
set is then calculated as follows;-
Sa 
A= log Sh 
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B I Sa.Sh = og Sg2 
and then L (Box-Cox transformation) =- : 8 . 
The value of L has a standard error given by:-
1 
standard error (L) = 'J n 8 
where n is the sample size. 
The generalised coefficient of variation (S) is then calculated thus:-
AL 
S = Sg.(exp4) 
with a standard error given by:-
standard error (S)= Sv([S2 + 0.5]/n). 
The generalised mean (M) is then calculated as:-
M M (Ma- Mh.L) + (Ma- 2.Mg + Mh).L2 = g + 2 
with a standard error given by:-
standard error (M) = ~~8. 
Once the L,M and S values are known any centile can be calculated by 
use of the formula:-
C = M.(1 +LSZ)11L 
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where Z is the standard normal deviate associated with the centile line of 
interest. These standard normal deviate values are easily obtained from 
standard statistical tables. Some often used centiles and their standard 
normal deviate are shown in table 5.1 
Equally, the SD score of any individual measurement relative to the data 
set can be calculated as:-
SD score Measurement 1 ML-1 LS 
The use of the LMS method in this thesis results in values for L, M and S 
at periods A, B, C and D for each of the parameters studied i.e energy 
expenditure per day, energy expenditure/kg body weight per day, energy 
expenditure /--Jkg body weight per day and energy expenditure/kg fat free 
mass per day. 
Cenlile 
3rd 
5th 
10th 
25th 
50th 
75th 
90th 
95th 
97th 
Standard Normal 
Deviate 
·1.881 
·1.645 
·1.282 
·0.674 
0 
0.674 
1.282 
1.645 
1.881 
Table 5.1. Standard normal deviate values associated with some often used centiles. 
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Following the advice of Cole (Cole, 1990) the L, M and S values 
calculated at periods A, B, C and D should then be plotted against time 
(age) and smooth curves drawn through the data points. These curves, 
the L, M and S curves can be obtained by the use of methods such as 
fitting cubic splines, polynominals or by eye. The experience gained by 
the use of the LMS method with anthropometric measurements such as 
height, weight and skinfolds shows that the S curve and particularly the L 
curve are less well defined than the M curve. Cole (Cola, 1990) suggests 
" .... if there is no obvious trend Land S can be summarized as the mean 
across all age groups. Alternatively a simple curve like a straight line or 
a quadratic curve can be fitted using linear regression analysis. Such 
simple curves will be appropriate if the standard errors are large or the 
age range is narrow". As in the current data set the age range is narrow 
(coefficient of variation of age, 9.2%, 4.6%, 2.8% and 2.0% and periods 
A, B, C and D respectively) and as the standard errors of L, M and S are 
inversely related to the sample size the approach of using mean values 
of S and particularly L was carefully considered at each analysis. 
RESULTS 
The L, M and S parameters and their standard errors at periods A, B, C 
and D for energy expenditure in kcal per day, and kcal/kg body weight 
per day are shown in table 5.2 while the same parameters for energy 
expenditure expressed as kcaV..Jkg per day and kcal/kg fat free mass per 
day are shown in table 5.3. 
The changes in the L, M and S values with age are shown in figures 5.1 
to 5.4. In these figures the M and S points are joined by a third order 
polynominal curve. As can be seen in tables 5.2 and 5.3 the standard 
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errors of the L values are in all cases large, and these points have not 
been joined. 
A weighted mean for L calculated from the individual L values and taking 
into account sample size has been used in future calculations. 
The 1Oth, 25th, 50th, 75th and 90th centiles were calculated using the 
equation shown on page 107 and the values of z shown in table 5.1. 
The resulting values for the four methods of expressing total energy 
expenditure are shown in tables 5.4 and 5.5. These data are shown 
graphically in figures 5.5 to 5.8. 
These figures were created as follows. The polynominal equations that 
describe the M and S curves were used in conjunction with the weighted 
mean L value to create values for the 1Oth, 25th, 50th, 75th and 90th 
centiles using the equation shown on page 107 at five day intervals 
between 30 days and 280 days. These values were then used to 
produce smooth centile lines. The polynominal equations that describe 
the M and S curves are shown in tables 5.6 and 5.7. 
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Figure 5.1: The L, M and S values cnlculnted for total energy 
expenditure in kcnl per dny nt each period plotted ogoinst oge. 
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Figure 5.2: The L, M and S values calculated for total" energy 
expenditure in kcnl /kg body weight per day at each period 
plotted against age. 
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Figure 5.3: The L, M and S values calculated for total energy 
expenditure in kcal per.{kg body weight per day at each period 
plotted against age. 
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Figure 5.4: The L, M and S values calculated for total energy 
expenditure in kcal per kg J'at free mass per day at each.period 
plotted against age. 
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Energy Expenditure (kcal per day) 
Period 1. M £ 
A 0.05 292.1 0.299 
(0.43) (12.5) (0.032) 
.. 
B -0.03 392.8 0.255 
(0.39) (14.2) (0.027) 
c 0.05 596.3 0.167 
(0.78) (16.4) (0.019) 
D 0.43 741.0 0.214 
(0.64) (33.8) (0.032) 
Energy Expenditure (kcal/kg per day) 
Period 1. M £ 
A 0.43 65.7 0.291 
(0.42) (2.7) (0.032) 
B 0.37 69.6 0.255 
(0.39) (2.5) (0.027) 
c 1.05 78.7 0.159 
(0.71) (2.1) (0.019) 
D -0.38 85.5 0.201 
(0.88) (3.7) (0.032) 
Table 5.2. The L, M and S values with the standard error in parenthesis 
calculated for total energy expenditure in kcal per day and kcal per kg body 
weight per day at periods A,B,C and D. 
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Energy Expenditure (kcalblkg per day) 
Period 
.1. M £ 
A 0.27 139 0.290 
(0.43) (5.7) (0.032) 
8 0.18 165 0.251 
(0.39) (5.9) (0.027) 
c 0.26 216 0.157 
(0.83) (5.6) (0.019) 
D 0.13 252 0.199 
(0.73) (10.7) (0.031) 
Energy Expenditure (kcal/kg FFM per day) 
Period 
.!.. M £ 
A 0.44 79.7 0.274 
(0.45) (3.1) (0.029) 
B 0.19 88.9 0.237 
(0.43) (3.0) (0.025) 
c -0.64 106.0 0.139 
(0.92) (2.4) (0.016) 
D -0.24 113.5 0.195 
(0.75) (4.7) (0.030) 
Table 5.3. The L, M and S values with the standard error in parenthesis 
calculated for total energy expenditure in kcal perJkg body weight per day 
and kcal per kg fat free mass (FFM) per day at period A,B,C and D. 
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IQ!al Ene~:gl! E~pendi!ur~ 
kcal per dal! 
Cen!iles 
~eriQd 1Q1b. 25th .5.Q1b. ~ .aQ1h 
A 198.0 238.4 292.1 356.7 426.0 
8 282.1 330.4 392.8 465.9 542.4 
c 480.5 532.6 596.3 667.0 737.4 
D 561.5 640.9 741.0 855.3 972.1 
IQ!al Energl! E~pendi!!.lre 
kcal per kiiQgrnm bQdl! weigh! per dal! 
Cen!iles 
~eriQd 1Q1b. 25th .5.Q1b. ~ .aQ1h 
A 43.7 53.5 65.7 79.3 92.8 
8 48.9 58.2 69.6 82.1 94.4 
c 63.6 70.5 78.7 87.4 95.7 
D 65.0 74.4 85.5 97.5 109.1 
Table 5.4. The calculated centile values for total energy expenditure in kcal 
per day and kcal per kg body weight per day at periods A,8,C and D. 
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kcal Jit~l~%~~ ;:m~~~raay 
Centjles 
E!HiQd 1Jllh 2..51b. .5Q1h Z51h .9..Qth 
A 94.0 113.5 138.6 167.8 198.1 
8 118.4 139.1 165.3 195.2 225.6 
c 175.7 193.9 215.9 239.7 262.9 
D 193.9 220.0 252.1 287.7 323.1 
IQtal EDf!lllY !;~Qf!Dditurf! 
kcal Qer kg fat free mass Qer day 
Ceotiles 
Ef![iQd .1.Q1h 2..51b. .5Q1h Z51h .9..Qth 
A 56.0 66.2 79.7 95.8 113.1 
8 65.6 75.8 88.9 104.3 120.4 
c 88.7 96.5 106.0 116.4 126.7 
D 88.4 99.5 113.5 129.4 145.7 
Table 5.5. The calculated centile values for total energy expenditure in kcal 
per .Ykg body weight per day and kcal per kg fat free mass per day at 
periods A,8,C and D. 
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Expression of Equation 
Total eneroy expenditure 
kcal per day M= 203.90 + 2.588.Age- 2.310 x 1Q·3 .Age2 
kcal/kg per day M = 62.05 + 0.1 03.Age - 6.588 x 1 o-s .Age2 
kcal/vkg per day M = 116.52 + 0.604.Age - 6.243 x 1 o-4 .Age2 
kcal/kg FFM per day M = 70.512 + 0.270.Age - 4.148 x 1 o-4 .Age2 
Table 5.6. The second order polynominal equations that describe the M curve for total energy expenditure for the entire 
cohort of infants. Age is in days. 
Expression of Equation 
Total enemy expenditure 
kcal per day S = 0.328-6.732 x 10-4 .Age- 5.328 x 10·6. Age2 + 2.277 x 10·8. Age3 
kcal/kg per day s = 0.304- 8.115 X 1 o-s. Age- 9.572 X 1 o-6. Age2 + 3.092 X 1 o-a. Age3 
kcal/vkg per day S = 0.309-2.997 x 1Q·4. Age- 8.050 x 10·6. Age2 + 2.791 x 10·8. Age3 
kcal/kg FFM per day s = 0.287- 3.429 X 1 o·S. Age- 1.050 X 1 o·S. Age2 + 3.437 X 1 o-a. Age3 
Table 5.7. The third order polynominal equations that describe the S curve for total energy expenditure for the entire 
cohort of infants. Age is in days. 
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DISCUSSION 
In all methods of expressing total energy expenditure similar patterns 
and trends were seen in the calculated L, M and S values. 
As predicted by Cole, (Cole, 1990) due to the relatively small numbers at 
each period the L curve, in particular, was not well defined. The 
standard error of L was large at all periods and for all methods of 
expressing total energy expenditure. These factors justified the use of a 
weighted mean for L, across age, within each method of expressing total 
energy expenditure. The weighted mean value of L for the expression of 
total energy expenditure in kcal per day was close to 0 and for total 
energy expenditure in kcal/kg per day close to 0.5. The former value 
indicates that a log transformation is required while the latter indicates 
that the degree of skewness is reduced when energy expenditure is 
expressed in kcallkg per day. When expressed in kcal!vkg body weight 
per day and as kcal/kg fat free mass per day the weighted L values 
required to normalise the total energy expenditure data were both close 
to zero indicating a log transformation. However in interpreting the L 
values one must bear in mind the relatively small sample size and 
relatively !arge standard errors. 
The M curves were relatively well defined and the M values showed a 
curvilinear trend with age. The standard errors of M were much smaller, 
in percentage terms, than those found for the L values. The standard 
error of the M values ranged from about 2% to 5% of the M value at 
different periods. The effect of the LMS method upon the arithmetic 
mean value for the cohort can be appreciated by comparing the M values 
in tables 5.2 and 5.3 with the mean values shown in tables 3.17 and 
tables 4.2 to 4.5. 
When total energy expenditure was expressed as kcal per day the LMS 
method had the effect of reducing the mean value at all periods The 
reduction was about 4% at period A, diminishing to about 1% at period 
D. When total energy expenditure is expressed as kcal/kg body weight 
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per day the M values shown in table 5.2 were again less than the mean 
values shown in table 4.2, with the exception of the value at period C, 
where the M value and the mean values are identical. The reason for 
this is immediately obvious if one considers the L value found at period 
C. This value was 1.05, which in effect means that virtually no 
transformation of the data were required to produce a normally 
distributed data set, and therefore the M value and mean value were 
similar. 
The M values were again reduced in comparison with the arithmetic 
mean values when total energy expenditure was expressed as kcal/vkg 
body weight per day and kcal/kg fat free mass per day. These reductions 
are a reflection of the weighted mean L value being less than 1. 
The S curves were also reasonably well defined with the standard error 
being about 10% of the S value in most cases. The S curve showed a 
characteristic and interesting shape regardless of the method of 
expressing total energy expenditure. The S value, which is in effect the 
coefficient of variation, was at a maximum at period A. The value was 
reduced in all cases to a nadir at period C and then increased slightly at 
period D. The shape of the S curve and the absolute values of S warrant . 
further discussion. 
The S values at period A and B were high, and such large coefficients of 
variation for total energy expenditure in infancy have been the subject of 
debate (Prentice, Vasquez-Velasquez, Davies, Lucas, Coward, 1990). 
The data presented in this thesis suggests that, for example, there is a 
three times variation in total energy expenditure when expressed as 
kcal/kg per day at period A between an infant 2 standard deviations 
below the mean to one 2 standard deviations above the mean. This 
range of variation falls to 2 fold at period C. These large variations in 
comparison to data from older children, adolescents and young adults 
(Davies et al, 1990) has led some to suggest that at least part of this 
variation is due to methodological error associated with the doubly 
labelled water technique and is not purely a biological phenomenon. 
Indeed, some of the theoretical aspects of the technique would lend 
weight to this argument. 
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The closer the two rate constants ko and kd are to each other the greater 
is the error associated with the calculation,L8Jrbon dioxide production 
rate. This is due to the fact that carbon dioxide production rate is a 
function of the difference between the rate constants and, as that 
difference becomes smaller the error, inevitably, will become larger. In 
infants water turnover is high relative to carbon dioxide production rate 
so that a large proportion of ko is due to water turnover. Thus, in infants, 
ko and kd are closer than they are in older children or adults. The errors 
associated with the carbon dioxide production rates at period A to D are 
summarized in table 5.8. 
A trend in the mean values for the error associated with the estimate of 
carbon dioxide production rate is seen that is similar to the trend in the 
coefficient of variation at the different periods. That is, the highest value 
at period A, falling to the lowest value at period C and then increasing 
slightly at period D. Thus some of the shape of the S curve and hence 
the large variation in total energy expenditure may be due to error 
associated with the doubly labelled water technique. 
Nevertheless some of the variation may be biological. For example, the 
infant with the lowest total energy expenditure in kcal!kg body weight at 
period A was the infant with the lowest energy expenditure at period B. 
Also of the ten infants with the highest total energy expenditure on a per 
kg body weight, ~kg body weight and per kg fat free mass basis at period 
A , 6, 7 and 8 respectively are amongst the ten infants with the highest 
total energy expenditures at period B. 
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A 
8 
c 
D 
Standard Error as 
percentage of carbon djoxjde 
productjon rate 
~ Standard Deviation 
5.8 2.7 
5.2 2.2 
3.9 1.8 
5.0 2.5 
Table 5.8 The means and standard deviations of the standard errors expressed as a 
percentage of carbon dioxide production rates at periods A, 8, C and D. 
Moreover, equally high coefficients of variation for total energy 
expenditure have been reported for infants of similar ages (Vasquez-
Velasquez, 1988). These infants form a part of the larger data set 
reported by Prentice et al, 1988. The coefficient of variation was 
approximately 21% at 6 months of age, 10% at 9 months of age and 22% 
at one year of age. This study also reported some very low total energy 
expenditures which gave rise to doubt as to their accuracy and validity. 
However in these infants sleeping metabolic rates had also been either 
measured or predicted from height and weight. In no case was the total 
energy expenditure:sleeping metabolic rate ratio less than one. Also 
there was a significant correlation between sleeping metabolic rate and 
total energy expenditure such that those infants with a low total energy 
expenditure also had a low sleeping metabolic rate and therefore 
sufficient 'excess' energy for physical activity. 
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As well as the above observations, as infants become older the 
difference between ko and kd enlarges and therefore the increase in the 
mean standard error of carbon dioxide production rate between period 
C and D does not fit into the model that there is a relationship between 
the standard error of carbon dioxide production rate and age. Thus, the 
exact nature of the large variation in total energy expenditure found in 
this thesis and reported elsewhere is still far from clear. 
The shapes of the centile charts shown in figures 5.5 to figure 5.8 reflect 
the changes in the L, M and S values across age. 
The change in the M value in all methods of expressing energy 
expenditure is reflected by the increase in the value of the 50th centile 
with age. 
The weighted mean L values of less than 1 and in most cases close to 
zero can be seen as a smaller range between the 1Oth and 50th centiles 
than between the 50th and 90th centiles. This distribution reflecting the 
positive skewness of the original data. 
The changes in the S values across age is seen with varying degrees of 
clarity in the different centile charts. In figure 5.5 the reduction in the S 
value from period A to period C and the increase at period D is almost 
indiscernible whereas in figure 5.8 the changing S value is apparent as 
the range of values covered by the 10th to 90th centile lines decreases 
from period A to period C and then increases at period D. In all cases 
the centile lines show a tendency to 'splay' out in the last fifty days or so 
of the centile chart. Again this is most apparent in figure 5.8 . 
As further data are added beyond 9 months of age this effect will be 
reduced. lt is highly unlikely that the centile lines for data at 1 year of 
age, for example, will be at the positions indicated by the shape and 
direction of the centile lines at 280 days of age. Further data will allow 
the increase in the range of total energy expenditure measurements 
found at period D in comparison to those found at period C to be 
smoothed. The splayed effect is due to the lack of data beyond 280 days 
to enable the smoothing to take place. 
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Given the L, M and S values, as has previously been stated the value of 
any centile can be calculated using the equation shown on page 106. In 
reality, usually only nine centile lines are described for most 
measurements. These centiles and their standard normal deviates 
associated with the centiles are shown in table 5.1. 
In this thesis however only five centile lines have been described. The 
four that have been omited are the most extreme two centiles either side 
of the 50th centile namely the 3rd, 5th, 90th and 97th centiles. The 
values of these centile lines have not been produced and described 
because of the increasing variance of any centile line as it becomes 
more extreme. Even using the LMS method the standard error of the 3rd 
and 97th centiles are relatively high due in part to the size of the 
available data set. 
The variance of any centile, expressed as a fraction of the centile value 
can be calculated using the following equation:-
. S2 (S2 + 0.5).z2 S2 (LSZ-3)2.z4 
Vanance -N. [1+ (1+LSZ)2 + 36B(1+LSZ)2 ] 
The standard error of the centile is the square root of the above equation 
and is often expressed as a· percentage of the centile value by 
multiplication by 1 00. As well£c?~ntaining the L and S values the above 
equation also requires the standard normal deviate of the centile line 
and the value B which is defined on page 106 and N. Within this 
equation N is referred to as the notional sample size. 
As the L and S values used have been smoothed the precision of their 
value is greater than that implied by the sample size of the age group. A 
notional N value is therefore used which is the real sample size scaled 
upwards. Cole (1990) suggests that a scaling factor of 2 or 3 is a safe if 
conservative scaling factor. A scaling factor of 4 has been used within 
this thesis. The standard errors, expressed as a percentage of the 
centile value, for the 3rd, 1Oth, 25th, 50th, 75th, 90th and 97th centiles for 
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total energy expenditure expressed as kcal per day and kcal per kg per 
day are shown in table 5.9. The standard errors associated with the 
centile values for the expression of total energy expenditure in kcal/vkg 
body weight per day and kcaVkg fat free mass per day are shown in table 
5.10.The 3rd and 97th centiles are included in these tables in order to 
show the increasing standard error as the centile lines become more 
extreme. 
For example the standard error of the 3rd centile at period A is 55% 
greater than that of the 1Oth centile when total energy expenditure is 
expressed as kcal per day. 
The mean standard error for the 50th centile across age, and across the 
different methods of assessing total energy expenditure is 1.6%. The 
mean standard error for the 10th centile calculated in the same manner 
is 2.5% and for the 90th centile 2.3%. 
One of the main reasons for creating the centile charts and the L, M and 
S values that will enable standard deviation scores for any individual 
measurement to be calculated was that such data would form a control 
data set for future investigations of energy expenditure and energy 
metabolism in "abnormal" situations and clinical conditions. 
Chapter 7 will describe just one clinical condition being actively 
investigated by the author in which the control data set is being used. 
That clinical condition is cystic fibrosis. 
However differences in growth, isotope data and measurements of total 
energy expenditure between the sexes and between infants fed 
maternally and those fed with a formula will be discussed in chapter 6. 
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Standard Error as a Qercentage of centile value 
Total Energ)l ExQenditure 
kcal Qer dal£ 
Gentiles 
Period 3rd 10th 25th 50th 75th 90th 97th 
A 5.3 3.4 2.4 2.1 2.4 3.8 4.1 
B 4.0 2.8 2.0 1.8 2.3 2.7 3.3 
G 2.7 1.8 1.3 1.2 1.3 1.8 2.6 
D 3.2 2.3 1.7 1.5 1.7 2.2 3.0 
Standard Error as a Qercentage of centile value 
Total Energll ExQenditure 
kcal 12er kilogram bodl£ weight 12er dal£ 
Gentiles 
Period 3rd 10th 25th 50th 75th 9oth 97th 
A 6.3 3.7 2.4 2.1 2.3 2.9 3.9 
B 4.8 3.0 2.1 1.8 2.0 2.5 3.3 
G 2.7 1.8 1.3 1.1 1.3 1.6 2.1 
D 3.8 2.4 1.6 1.4 1.6 2.0 2.8 
Table 5.9. The standard errors of the calculated centile values expressed 
as a percentage of the centile value for total energy expenditure expressed 
as kcal per day and kcal per kilogram body weight per day. 
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Standard Error as a gercentage of centile value 
Total Energy Exgenditure 
kcal ger \/kg body weight ger day 
Gentiles 
Period 3rd 10th 25th 50th 75th 90th 97th 
A 5.5 3.4 2.4 2.1 2.3 3.1 4.4 
8 4.2 2.8 2.0 1.8 2.0 2.6 3.5 
c 2.7 1.7 1.3 1.1 1.2 1.6 2.3 
D 3.2 2.1 1.6 1.4 1.6 2.0 2.7 
Standard Error as a gercentage of centile value 
Tot9l Energy Exgenditure 
kcal ger kg fat free mass ger day 
Gentiles 
Period 3rd 10th 25th 50th 75th 90th 97th 
A 4.6 3.1 2.2 1.9 2.2 3.0 4.5 
8 3.6 2.5 1.9 1.7 1.9 2.5 3.6 
c 2.2 1.5 1.1 1.0 1.1 1.5 2.2 
D 2.9 2.1 1.6 1.4 1.6 2.0 2.9 
Table 5.1 0. The standard errors of the calculated centile values expressed 
as a percentage of the centile value for total energy expenditure expressed 
as kcal per '111<ilogram body weight per day and kcal per kilogram fat free 
mass per day. 
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CHAPTER 6 
Differences between the sexes and diet groups. 
INTBOPUCTION 
The cohort of infants recruited into this study consisted of 22 males and 
30 females, of whom 21 were initially maternally fed and the remaining 
31 infants were initially formula fed. A numerical breakdown of the entire 
cohort by sex and diet group is shown in figure 6.1. 
52 Total Recruits 
22 Males 30 Females 
A /~ 
7 Maternally Fed 15 Formula Fed 14 Maternally Fed 16 Formula Fed 
Table 6. 1. The entire cohort of infants divided by sex and by diet groups, showing the 
numbers in each group. 
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There is abundant evidence that the growth rates of female and male 
infants differ in the first year of life. For example, the mean rate of weight 
gain from birth to 9 months of age is 7.6kg per year in boys and 7.1 kg 
per year in girls (Tanner, 1973). This difference in weight velocity and 
the fact that mean birthweight is slightly larger in boys than girls produces 
a mean body weight difference at 9 months of age of 0.480kg with the 
males weighing 9.20kg and the females 8.72kg. 
Equally boys exhibit a more rapid length gain over the same period of 
time with mean length velocity being 27.9cm per year and 25.7cm per 
year between the first and ninth months of life in boys and girls 
respectively. There is a mean difference in length of 2.5cm at nine 
months of age between the sexes with the boys mean value being 
72.7cm and the girls 70.2cm. Patterns of growth in head circumference 
show the same trends. 
Moreover there are data that show that the growth rates of breast fed and 
formula fed infants are also different during the first year of life. 
The general trend is that breast fed infants are significantly lighter than 
formula fed infants in the first year of life (Czajka-Narins and Jung, 1986) 
and in some reports the differences reach significance for length and 
length gain (Ritchie and Naismith, 1976). Usually significant differences 
in weight, length and skinfold thickness have disappeared by the age of 
two years. 
Traditionally energy requirements are published for each sex 
(FAO/WHO/UNU, 1985; DHSS, 1979) with the requirements of the males 
being about 6.0% greater than the females during the first year of life. 
There is now some evidence to suggest that there are also differences in 
energy expenditure between breast fed and formula fed infants. The 
doubly labelled water technique has added impetus to the investigation 
of differences in energy metabolism between diet groups. Garza and 
Butte (1990) recently reviewed their group's investigations in this area. 
In a 1989 publication Butte and colleagues (Butte, Wong, Garza and 
Klein, 1989) examined energy expenditure in infants aged 1 month and 4 
months of age, who were exclusively breast or formula fed. There was 
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no difference in either the thermic effect of food or sleeping metabolic 
rates between the two groups. However differences were found in what 
was termed minimal rates of energy expenditure. This parameter was 
defined as the lowest rate of energy expenditure sustained for at least 
five minutes during the measurement of sleeping metabolic rate. The 
energy expenditure in the breast fed infants was between 3% and 11% 
lower than that found in the formula fed infants. 
Moreover total energy expenditure as measured using doubly labelled 
water was also lower in 1 month and 4 months old breast fed infants than 
formula fed infants of the same age. The values reported (Garza and 
Butte, 1990) were 64 and 67 kcal/kg body weight per day at 1 month of 
age and 64 and 73 kcal/kg per day at 4 months of age for the breast fed 
and formula fed infants respectively. 
Differences in total energy expenditure of 17% between formula and 
breast fed infants have been reported elsewhere (Davies, Ewing, 
Coward and Lucas, 1990). 
Thus the data relating to the growth, isotope results and total energy 
expenditure of the infants in this study have been analysed with the 
cohort divided by sex and diet. 
METHODS 
The data used in this thesis was stored either in a Minitab (Minitab Inc. 
State College, Pennsylvania, USA) worksheet or as an SPSS (SPSS 
Inc. Chicago, Illinois, USA) system file. Descriptive and comparative 
statistics of the sexes and diet groups were then easily obtained by using 
either the choose command in Minitab or the select command in SPSS. 
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RESULTS 
Blrthwejght 
Mean birthweight was not significantly different between the sexes. 
However there was a significant difference in birthweight when the data 
were analysed by diet; breast fed infants being heavier than formula fed 
infants (t=2.2, p<0.05). After the removal of the small for dates infants 
from this analysis the difference in mean birthweight was no longer 
significant at the 5% level. 
Gestation 
There were no significant differences in mean gestational age between 
either the sexes or the different diet groups. 
Age of mother 
There was no significant difference in mothers age between the sexes of 
infants, even though the mean age of the mothers bearing female infants 
was 2.6 years greater than the mean age of the mothers bearing male 
infants. I! should be noticed however that 36% of the female infants were 
the third child in the family while this figure was only 9% for the males. 
There was a significant difference ( 1=2.89, p<0.01) between the mean 
age of the mothers in the formula and maternally fed groups. This finding 
is in keeping with the OPCS 1985 Infant Feeding Survey (Martin and 
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White, 1988). This report stated that breast feeding was the initial mode 
of feeding in almost 90% of mothers aged 30 years or more. 
Tables 6.2 to 6.5 show the mean and standard deviation for a number of 
physical and anthropometric variables with the cohort of infants divided 
by sex and diet at periods A, B, C and D. 
Tables 6.6 to 6.9 show the means and standard deviations of the isotopic 
enrichment in the predose urine sample the rate constants ko and kd, the 
intercepts of the regression lines of log enrichment versus time and the 
dilution spaces No and Nd and total energy expenditure per day with the 
data divided by sex at periods A, B, C and D. 
The same information but with the cohort divided by diet is shown in 
tables 6.1 0 to 6.13. 
The means and standard deviations of total energy expenditure 
expressed as kcal/kg body weight per day for the entire cohort and by 
sex and diet are shown in table 6.14. 
The means and standard deviations of total energy expenditure 
expressed as kcal/vkg body weight per day for the entire cohort and by 
sex and diet are shown in table 6.15. 
The means and standard deviations of total energy expenditure 
expressed as kcal/kg fat free mass per day for the entire cohort and by 
sex and diet are shown in table 6.16 
PISCUSSION 
There were no significant differences in supine length, body weight, head 
circumference or skinfold thicknesses between the males and females or 
between the maternally or formula fed infants at period A. However, 
there were significant differences between the sexes and diet groups in 
the results relating to the isotope data. The rate constants ko and kd 
were significantly greater in the females than the males (p<0.01, in both 
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Males (n-20) Females (o-29) 
Mf!an S!aodard Mf!ao S!aodard 
Pf!via!ion Df!via!ion 
Age (days) 35.5 2.4 35.9 3.8 
Supine Length (cm) . 54.7 1.8 54.7 1.8 
Body Weight at start of study (kg) 4.51 0.56 4.37 0.41 
Body Weight at end of study (kg) 4.73 0.55 4.61 0.42 
Head Circumference (cm) 38.4 1.3 37.8 1.0 
Triceps Skinfold (mm) 6.7 1.0 6.6 1.0 
Subscapular Skinfold (mm) 6.8 1.1 6.8 1.0 
Ma!f!malll1 (o-20) Earmula (o-29) 
&I &I 
Mf!aD Standard M!lan S!S.Jndard 
Pf!via!ioo Pf!via!ioo 
Age (days) 36.7 3.4 35.0 3.0 
Supine Length (cm) 55.1 1.6 54.4 1.9 
Body Weight at start of study (kg) 4.55 0.45 4.34 0.48 
Body Weight at end of study (kg) 4.78 0.41 4.58 0.51 
Head Circumference (cm) 38.4 1.3 37.8 1.1 
Triceps Skinfold (mm) 6.6 0.9 6.7 1.0 
Subscapular Skinfold (mm) 6.6 0.9 7.0 1.2 
Table 6.2. The mean and standard deviations of some physical and anthropometric 
characteristics of the cohort of infants at period A grouped by sex and by diet. 
Age (days) 
Supine Length (cm) 
Body Weight at start of study (kg) 
Body Weight at end of stud:,r (kg) 
•1 Head Circumference (cm) 
Triceps Skinfold (mm) 
Subscapular Skinfold (mm) 
Age (days) 
Supine Length (cm) 
Body Weight at start of study (kg) 
Body Weight at end of study (kg) 
Head Circumference (cm) 
•2Triceps Skinfold (mm) 
•3subscapular Skinfold (mm) 
•1 t=2.4, p<0.05 
•2 t=2.2, p<0.05 
•3 t=2.9, p<0.01 
Males (n-21) 
M !laD Staodard 
D!!viatioo 
78.0 3.8 
59.2 1.9 
5.78 0.48 
5.98 0.47 
40.8 1.1 
7.5 1.3 
7.8 1.3 
Mat!!mallll (o-2Q) 
tld 
M !laD StaDdSl.rd 
O!!vlatiQn 
78.0 3.9 
59.5 1.7 
5.62 0.49 
5.78 0.46 
40.6 1.2 
7.0 1.0 
7.0 1.0 
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Females (n-29) 
M!!aD Staodard 
D!!viation 
77.3 3.4 
58.7 1.9 
5.54 0.51 
5.73 0.52 
40.1 0.9 
7.3 1.2 
7.5 1.3 
EQrmula (o-aQ) 
llQ 
M!!Sl!l StandS!rQ 
P!!via.tiQn 
77.3 3.4 
58.6 1.9 
5.65 0.52 
5.87 0.54 
40.2 0.9 
7.7 1.3 
8.0 1.4 
Table 6.3:The means and standard deviations of some physical and anthropometric 
characteristics of the cohort of infants at period B grouped by sex and by diet. 
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Males (n-131 Females (n-24) 
MeaD Stam:!an:l MeaD StaDdard 
Deviation Deviation 
Age (days) 180.5 4.5 182.1 5.5 
Supine Length (cm) 66.7 1.6 66.7 2.4 
Body Weight at start of study (kg) 7.77 0.57 7.57 0.86 
Body Weight at end of study (kg) 7.89 0.55 7.70 0.89 
•1 Head Circumference (cm) 44.7 1.0 43.6 1.2 
Triceps Skinfold (mm) 7.6 1.3 7.6 1.3 
Subscapular Skinfold (mm) 7.6 1.3 7.2 1.3 
Matemallll (D-Hll EQrmula (D-:18) 
fid Bill 
Mean Standard Mean Stsand§rd 
PeviatiQD PeviatiQD 
Age (days) 180.5 5.0 182.6 5.2 
Supine Length (cm) 66.2 2.3 67.2 1.9 
Body Weight at start of study (kg) 7.46 0.75 7.83 0.76 
Body Weight at end of study (kg) 7.57 0.79 7.98 0.74 
Head Circumference (cm) 44.0 . 1.6 43.9 0.8 
Triceps Skinfold (mm) 7.6 1.3 7.6 1.4 
Subscapular Skinfold (mm) 7.1 0.9 7.6 1.6 
•1 t=2.93 p<0.01 
Table 6.4:The mean and standard deviation of some physical and anthropometric 
characteristics of the cohort of infants at period C grouped by sex and by diet. 
Age (days) 
Supine Length (cm) 
Body Weight at start of study (kg) 
Body Weight at end of study (kg) 
•1 Head Circumference (cm) 
•2 Triceps Skinfold (mm) 
Subscapular Skinfold (mm} 
Age (days) 
Supine Length (cm) 
Body Weight at start of study (kg) 
Body Weight at end of study (kg) 
Head Circumference (cm) 
Triceps Skinfold (mm) 
Subscapular Skinfold (mm) 
•1 t:::2.14 p<0.10 
•2 t:::3.04 P<0.05 
Males {n-6) 
M~aD S!aoda[!:l 
Pevialioo 
273.0 1.9 
70.2 1.0 
8.74 0.69 
8.96 0.71 
46.4 1.1 
8.4 0.7 
7.4 0.9 
Ma!~mallll {o-12) 
~ 
M~ao S!aodard 
PevialiQD 
277.0 6.9 
70.6 3.4 
8.66 1.22 
8.79 1.25 
45.7 1.3 
7.5 1.0 
7.1 1.2 
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Females {n-16) 
M~aD S!aoda[d 
Deviation 
276.0 6.4 
70.5 3.3 
8.60 1 .11 
8.68 1.14 
45.3 0.9 
7.3 1.0 
6.7 1.1 
EQ[mula {o-l Q) 
~ 
Mean Standard 
Pevia!iQD 
274.0 2.9 
70.2 2.2 
8.61 0.71 
8.71 0.75 
45.5 0.7 
7.7 1.1 
6.7 0.8 
Table 6.5:The mean and standard deviation of some physical and anthropometric 
characteristics of the cohort of infants at period 0 grouped by sex and by diet. 
2H enrichment in 
predose urine (o %o) 
18o enrichment in 
predose urine (o %o) 
•1 Kd 
•2 Ko 
2H intercept (o %o) 
18o intercept(() %o) 
•3 Nd (m!) 
No (m!) 
Total Energy 
Expenditure (kcallday). 
*1 t=2.93 p<0.01 
*2 t=2.88 p<0.01 
*3 t=2.32 p<0.05 
Males (n-20) 
Mean .s..o. 
-25.1 6.1 
-4.1 1.5 
0.2332 0.0305 
0.2732 0.0339 
932.7 180.5 
192.2 36.6 
3140 293 
3006 306 
300 98 
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Females (n=29) 
Mean .s..o. 
-25.5 6.6 
-4.3 1.4 
0.2596 0.0318 
0.3019 0.0345 
986.3 129.6 
210.9 28.2 
2960 224 
2859 231 
307 88 
Table 6.6:The mean and standard deviations of the predose enrichment of 2H and 
18Q in body fluid, the rate constants, intercepts, dilution spaces and total energy 
expenditure for the cohort divided by sex at period A. 
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Males <n=21) Females (n-29) 
Mean 
.sD. Mean .sD. 
2H enrichment in -25.6 7.3 -25.0 7.0 
predose urine (a %o) 
18o enrichment in -3.8 1.7 -4.0 1.8 
predose urine (a %o) 
•1 Kd 0.2346 0.0331 0.2511 0.0323 
•2 Ko 0.2713 0.0301 0.2939 0.0330 
•3 2H intercept (() %o) 945.8 133.9 1023.2 158.9 
•4 18Q intercept(() %o) 201.5 24.7 221.9 31.1 
•5 Nd (m!) 3833 447 3509 323 
•6 No (m!) 3710 426 3371 304 
Total Energy 
Expenditure (kcal/day). 423 120 394 97 
*1 t=1.74 p<0.10 
*2 t=2.51 p<O.OS 
*3 t=1.86 p<0.1 0 
*4 t=2.49 p<O.OS 
*5 t=2.83 P<0.01 
*6 t=3.12 p<0.01 
Table 6.7. The mean and standard deviations of the predose enrichment of 2H and 
1BQ in body fluid, the rate constants, intercepts, dilution spaces and total energy 
expenditure for the cohort at period B divided by sex. 
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Males (n-13\ Females (n-24) 
Mean liQ Mean liQ 
2H enrichment in -26.3 5.2 -23.9 7.4 
predose urine (a %o) 
18o enrichment in -3.8 1.3 -4.0 1.3 
predose urine (a %o) 
Kd 0.2215 0.0361 0.2217 0.0337 
Ko 0.2710 0.0387 0.2671 0.0376 
2H intercept (a %o) 1013.9 134.5 979.9 177.5 
18o intercept(() %o) 224.3 22.4 219.2 30.4 
Nd (ml) 4629 408 4466 359 
No (ml) 4518 426 4360 338 
•1 Total Energy 
Expenditure (kcal/day). 653 76 577 104 
*1 t=2.53 p<0.05 
Table 6.8. The mean and standard deviations of the predose enrichment of 2H and 
18o in body fluid, the rate constants, intercepts, dilution spaces and total energy 
expenditure for the cohort at period C divided by sex. 
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Males (n-6) Females (n-16) 
Mean SD Mean SD 
2H enrichment in -24.6 5.2 -22.6 6.8 
predose urine (<l %o) 
18o enrichment in -3.7 1.1 -3.7 1.4 
predose urine (<l %o) 
Kd 0.2302 .. 0.0548 0.1991 0.0402 
Ko 0.2888 0.0670 0.2466 0.0442 
2H intercept (<l %o) 1053.2 70.1 1055.6 117.6 
18o intercept(() %o) 237.3 22.3 238.1 27.9 
Nd (m!) 5240 319 5247 729 
No (m!) 5080 319 5105 729 
•1 Total Energy 
Expenditure (kcal/day). 868 174 706 134 
*1 t=2.06 p<0.1 0 
Table 6.9. The mean and standard deviations of the predose enrichment of 2H and 
1BQ in body fluid, the rate constants, intercepts, dilution spaces and total energy 
expenditure for the cohort at period D divided by sex. 
•1 2H enrichment in 
predose urine (i) %o) 
•2 18o enrichment in 
predose urine (a %o) 
Kd 
Ko 
2H intercept (i) %o) 
18o intercept(i) %o) 
Nd (m!) 
No (m!) 
Total Energy 
Expenditure (kcal/day) 
*1 t=7.38 p<0.001 
*2 t=3.52 p<0.001 
Maternally Fed ln-20) 
Mean .s..o. 
-19.8 4.7 
-3.4 1.0 
0.2430 0.0255 
0.2800 0.0301 
936.8 186.7 
194.2 92.9 
3093 270 
2998 298 
283 80 
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Formula Fed(n-29) 
·Mean 
.s..o. 
-29.1 4.1 
-4.8 1.4 
0.2529 0.0381 
0.2972 0.0397 
983.2 124.7 
209.6 28.6 
2993 261 
2865 241 
319 97 
Table 6.1 0. The mean and standard deviations of the predose enrichment of 2H 
and 18o in body fluid, the rate constants, intercepts, dilution spaces and total 
energy expenditure for the cohort divided by diet at period A. 
•1 2H enrichment in 
predose urine ({) %o) 
•2 18o enrichment in 
predose urine ({) %o) 
•3 Kd 
•4 Ko 
2H intercept ({) %o) 
180 intercept({) %o) 
Nd (ml) 
No (ml) 
•5 Total Energy 
Expenditure (kcal/day) 
*1 t=7.14 p<0.001 
*2 t=5.09 p<0.001 
*3 t=1.74 P<0.10 
*4 t=2.51 p<0.05 
*5 t=2.49 p<0.05 
Maternally Fed (o-20) 
Mean 
-19.1 3.2 
-2.8 0.9 
0.2346 0.0331 
0.2713 0.0301 
981.3 146.9 
211.4 31.5 
3689 493 
3546 480 
366 73 
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Formula Fed(n-30) 
Mean £!2 
-29.4 5.9 
-4.7 1.6 
0.2511 0.0323 
0.2939 0.0330 
996.9 158.1 
214.5 29.6 
3615 349 
3491 333 
433 118 
Table 6.11 The mean and standard deviations of the predose enrichment of 2H and 
18o in body fluid, the rate constants, intercepts, dilution spaces and total energy 
expenditure for the cohort at period B divideo .by diei. 
•1 2H enrichment in 
predose urine {a %o} 
•2 18o enrichment in 
predose urine {a %o1 
Kd 
Ko 
2H intercept {a %o) 
18o intercept{a %o} 
Nd {m!} 
No {m!} 
Total Energy 
Expenditure {kcal/day) 
*1 1=3.73 p<0.001 
*2 t=2.67 p<0.05 
Maternally Fed (n-19) 
Mean .s.u 
-21.4 6.8 
-3.4 1.2 
0.2219 0.0372 
0.2686 0.0419 
1033.9 179.4 
222.7 30.8 
4439 431 
4336 430 
590 119 
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Formula Fed (n-18} 
Mean .s.u 
-28.5 4.6 
-4.5 1.2 
0.2212 0.0314 
0.2684 0.0333 
948.6 134.5 
218.6 24.3 
4613 303 
4499 291 
619 78 
Table 6.12. The mean and standard deviations of the predose enrichment of 2H 
and 1BQ in body fluid, the rate constants, intercepts, dilution spaces and total 
energy expenditure for the cohort at period C divided by diet. 
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Maternally Fed {n-12) Formula Fed {n-10) 
Mean .s.u Mean .s.u 
2H enrichment in -21.6 7.0 -24.9 5.2 
predose urine (a %o) 
18o enrichment in -3.5 1.5 -4.0 1.0 
predose urine (a %o) 
Kd 0.2093 0.0385 0.2055 0.0549 
Ko 0.2584 0.0416 0.2578 0.0671 
2H intercept (a %o) 1065.7 124.4 1042.1 80.7 
18o intercept(() %o) 241.7 28.8 233.8 23.3 
Nd (m!) 5099 619 5422 641 
No (m!) 4939 600 5290 637 
Total Energy 
Expenditure (kcal/day) 702 124 808 184 
Table 6.13. The mean and standard deviations of the predose enrichment of 2H 
and 18Q in body fluid, the rate constants, intercepts, dilution spaces and total 
energy expenditure for the cohort at period D divided by diet. 
E!i![iQd 
A 
B 
c 
D 
*1 t= 1.93 p<0.10 
*2 t= 2.37 p<0.05 
*3 t= 2.01 p<0.1 0 
*4 t= 2.30 p<0.1 0 
Total Energy Expenditure (kcal/kg body weight per day) 
En!ir!:! QQhQ!:l ~ 
Males Females Mal!i!rnal 
Mean ,SQ Mean £Q M!i!Sl.!l ,SQ M!i!Sl.!l ,SQ 
67.2 19.1 65.4 21.3 68.5 17.7 61.1 17.8 
71.0 18.0 72.0 19.7 70.2 17.0 64.5 12.6 
78.7 12.4 83.7 9.6 *3 76.1 13.1 78.5 13.7 
87.9 18.4 104.0 22.2 *4 81.9 12.9 93.7 21.2 
Qigt 
FQrmula 
M !:I an ,SQ 
*1 71.4 19.1 
*2 75.3 19.6 
79.0 11.2 
83.0 14.8 
Table 6.14. The means and standard deviations of total energy expenditure expressed as kcal/kg body weight per day for the 
entire cohort and by sex and diet. 
..... 
lJ1 
..... 
E!![iQd 
A 
B 
c 
D 
*1 t= 2.47 p<0.05 
*2 t= 2.40 p<0.05 
*3 t= 2.28 p<0.1 0 
Total energy expenditure (kcalt,lkg body weight per day) 
Enjir!;l QQhQ!l ~ 
Males Females Mat!lrnal 
Mean ,SQ Mean ,SQ M !laD ,SQ M !laD ,SQ 
142.9 40.9 139.9 44.9 144.9 38.7 131.5 37.3 
169.6 43.2 174.3 48.0 166.2 39.4 153.4 29.6 
217.8 34.2 233.7 25.7 *2 209.3 35.6 214.9 39.4 
256.3 51.8 300.1 60.2 *3 239.9 38.7 275.0 61.4 
rum 
FQrmula 
Meao ,SQ 
150.7 42.1 
*1 180.4 47.7 
220.9 28.4 
240.7 38.1 
Table 6.15. The means and standard deviations of total energy expenditure expressed as kcalt,lkg body weight per day for the 
entire cohort and by sex and diet. 
P!;![iQ!;I 
A 
B 
c 
D 
*1 t= 2.11 p<0.05 
*2 t= 2.82 p<0.01 
*3 t= 2.15 p<0.05 
Total energy expenditure (kcal/kg fat free mass per day) 
Entir!;! QQhQ!:t ~ 
Males Females Mat!i!rnal 
Mean ~ Mean ~ Mean ~ M!i!a!l ~ 
81.4 21.8 77.8 23.0 83.8 21.0 74.0 18.7 
90.9 21.7 89.6 23.7 91.8 20.5 81.7 14.8 
107.8 15.5 114.4 12.3 *3 104.2 16.0 107.3 18.8 
116.2 23.7 134.6 31.0 109.3 16.6 122.1 32.2 
Diet 
FQrm!.lla 
M!i!a!l ~ 
*1 86.4 22.6 
•2 97.0 23.6 
108.3 11.4 
111.2 12.8 
Table 6.16. The means and standard deviations of total energy expenditure expressed as kcal/kg fat free mass per day for the 
entire cohort and by sex and diet. 
cases), while the 2H dilution space (Nd) was lower in the females, this 
difference was significant at the 5% level. These differences found 
between the sexes are interrelated. The mean body weights of the males 
and females differed by only 138g, this was not a statistically significant 
difference. One might have therefore expected the dilution spaces Nd 
and No to differ only slightly between the sexes. The fact that Nd was 
statistically significant between the sexes can be explained in a number 
of ways. Firstly the females might have had a greater percentage body 
weight as fat. Fat is essentially anhydrous and therefore the 2H dilution 
space will be reduced in fat individuals in comparison with lean infants. 
This possible explanation was not however supported by the skinfold 
data which showed that the mean triceps and subscapular skinfold 
thicknesses were virtually identical between the sexes. Moreover, if the 
difference in 2H dilution space was due to a greater body fatness in the 
female infants one might expect to see a similar significant difference in 
the 18Q dilution space. This was not the case. A further possible 
explanation is that there is more non-aqueous hydrogen available for 
exchange with 2H in males. After total body water it is thought that the 
largest pool available for the exchange of 2H is protein. The data 
published by Fomon (Fomon et al,1982) as body composition reference 
data for infants and children shows that males do have a slightly greater 
percentage of their fat free mass as protein. This difference, however, is 
only about 0.3 % of body weight and therefore may not be sufficient to 
explain fully the difference in the 2H dilution spaces between the sexes. 
Accepting the fact that, for whatever reason, there was a greater 2H 
dilution space in the males the difference in rate constants ko and kd can 
be explained. If milk intake and hence water intake is not very different 
between the sexes in breast fed or formula fed infants the females must 
have a higher rate of water turnover as the same volume of water intake 
is being distributed and lost from a smaller pool, i.e the 2H dilution space. 
This greater water turnover will be reflected primarily, in a larger rate 
constant kd. However ko is also highly influenced by water turnover such 
that at period A about 85% of ko is water turnover, the other 15% being 
due to carbon dioxide production rate. Thus if kd was significantly 
different between the sexes it is not surprising that ko was also 
statistically significant. 
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When the cohort was divided into diet groups only two parameters were 
significantly different at the 5% level, these were the predose 
enrichments of 2H and 18Q in the body water of the infants. The 
maternally fed infants had greater natural enrichments of both isotopes in 
their bodies 1tBn the formula fed infants. This difference has been 
reported before (Coward, 1988) and is a reflection of the fractionation of 
isotope that occurs during the production of human milk. 
At period B there were some statistically significant differences between 
the anthropometric measurements of the males and females and the two 
diet groups. 
Firstly, the mean head circumference in the males was 0.7cm greater 
than in the females. This small difference was significant at the 5% level. 
Secondly, between diet groups there were statistically significant 
differences in the mean skinfold thicknesses. The formula fed infants had 
larger mean measurements at both the triceps and subscapular sites. 
However, as t)le maternally fed infants were on average 0.9cm longer 
than the formula fed infants, with very similar mean body weights they will 
have had a larger mean body surface area. Thus, although the 
individual skinfold thicknesses at the triceps and subscapular sites were 
lower in the maternally fed infants, this may not necessarily represent a 
significant reduction in subcutaneous fat stores in these infants. 
Six of the parameters shown in table 6.7, the isotope data pertaining to 
the sexes, were significantly different, and again, as at period A, these 
differences were interrelated. 
Both Nd and No were significantly different between the sexes. Nd was 
9.2% and No was 10.1% greater in the males than the females 
respectively. These differences may support the argument that the 
females were fatter than the males as there was no significant difference 
in mean body weights. However, a difference in body fatness to support 
this was not seen in the skinfold data where the males had a higher 
mean skinfold than the females at both sites. This contradiction may be 
explained, possibly, in a number of ways. Firstly the triceps and 
subscapular skinfold measurements may not be representative of or 
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cannot predict total body fatness in early infancy and in fact the females 
were indeed fatter than the males. Secondly, as was the case at period 
A, that the males had more protein in their lean tissue than the females 
and hence more non-aqueous exchanges of isotope occurred which 
contributed to the difference in the dilution spaces between the sexes. 
However, although there is a great deal of non-aqueous oxygen in the 
body the vast majority of that oxygen will not readily exchange at 
physiological temperature and pH (Murphy and Clay, 1979). Thus 
although non-aqueous exchange might explain the significant difference 
in the Nd spaces between the sexes it cannot explain the increase in No. 
The difference in the 2H and 18o intercepts between the sexes were 
related to the differences in Nd and No. The amount of dose given to the 
infants was calculated upon body weight and as there was very little 
difference in mean body weights at period B between the sexes, all 
infants would on average have received similar absolute doses. 
Nevertheless, this will lead to a greater dose being given relative to the 
volume of the dilution space in the females. This will lead to a greater 
initial enrichment of isotopes in the body as reflected by the time zero 
intercepts being higher in the females than the males. 
Rate constants ko and kd were again significantly different between the 
sexes with the 18o and 2H rate constants being 8.3% and 7.0% greater 
in the females than the males. These significant differences in the rate 
constants did not give rise to a significant difference in total energy 
expenditure because the dilution spaces Nd and No were significantly 
different in the opposite direction. Thus the 2H turnover ( i.e, Ndkd) and 
180 turnover ( i.e, Noko) differed by less than 2% 
When the cohort was divided by diet group, again both 2H and 18o 
enrichments in the predose urine samples were significantly greater in 
the maternally fed infants. There were also significant differences in both 
rate constants and in this case these differences led to a significant 
difference in total energy expenditure between the maternally fed and 
formula fed infants. The latter expended 18.4% more energy than the 
former, in absolute terms. 
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There was only one anthropometric measurement that was statistically 
significantly different between either the sexes or diet groups at period C. 
Mean head circumference differed between the sexes with the males 
having a mean circumference 1.1 cm or 2.5% greater than the females. 
This difference had increased between periods B and C. At period B the 
difference between the males and females was 0.7cm or 1.7 %. 
The isotope data split by sex showed no differences except that total 
energy expenditure in kcal/day was significantly greater in the males 
than the females, being about 12% higher in the latter group. 
When split by diet group the difference in predose urine isotopic 
enrichments persisted although none of the initially breast fed infants 
were being exclusively maternally fed at this time. Nevertheless breast 
milk intake must still have provided a portion of nutrient intake for the 
differences in predose enrichments to persist. lt is noteworthy that the 
coefficient of variation of the predose enrichments had increased at 
period C in comparison to period B. This was probably a reflection of the 
increased range of volume of breast milk and formula being consumed 
by the infants. 
At period D when divided by sex, the significant difference in head 
circumference between the males and females seen at periods B and C 
persisted although the difference was only significant at the 10% level. 
The mean male triceps skinfold was significantly different and greater 
than than the female mean although the same was not seen at the 
subscapular site. There were no significant differences in any 
anthropometric measurements between the maternal and formula fed 
infants. When divided by diet group the only difference in either the 
anthropometric or isotope data was that total energy expenditure was 
significantly different between the sexes at period D. The isotope data 
when examined by diet groups showed that the hitherto significant 
differences in predose enrichments of 2H and 180 in body water had 
disappeared. This was a reflection of the similar diet that the two diet 
groups were receiving at nine months of age. 
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When total energy expenditure was expressed per kg body weight there 
were significant differences between diet groups at periods A and B and 
between sexes at periods C and D, as shown in table 6.14. 
Differences in total energy expenditure jn kcallkg body weight per day 
between the diet groups 
Differences in energy intake between maternally and formula fed infants 
have been recorded on a number of occasions (Whitehead and 
Paul,1985; Dewey Heinig, Normmsen and Lonnerdal, 1989; Butte, Smith 
and Garza, 1990). Whitehead and Paul, 1985 summarized some of the 
existing data on energy intake in maternally and formula fed infants. 
They reported that formula fed infants had energy intakes of around 100 
to 120 kcal/kg body weight per day in the first six months of life, whilst in 
breast fed babies energy intake was not so consistent and fell markedly 
from around 100 to 110 kcal/kg body weight per day to about 70 to 80 
kcal/kg body weight per day at six months of age. 
Dewey et al, 1989 found mean energy intakes of 86 kcal/kg and 78 
kcal/kg at 3 and 6 months of age in a cohort of 45 breast fed infants in 
comparison with 102 kcal/kg and 91 kcal/kg at the same ages in formula 
fed infants. 
Recently Butte et al. 1990 reported a 27% greater energy intake in 
formula fed infants than in breast fed infants at 4 months of age. 
However, there were no significant differences in body size, body 
composition, sleeping metabolic rate or the thermic effect of feeding 
between the two cohorts. The logical conclusion is that if energy intake is 
greater in formula fed infants and yet this extra energy intake is not 
reflected in a greater weight gain the 'excess ' energy must be expended, 
and as such would be seen as a greater total energy expenditure, even 
though differences in sleeping metabolic rate were not found. Such a 
hypothesis has been tested by Butte and colleagues and in a group of 10 
infants at 1 and 4 months of age total energy expenditure measured 
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using doubly labelled water was significantly greater in formula fed 
infants than maternally fed infants (Butte, Wong, Ferlic, Smith, Klein and 
Garza, 1990). One might therefore speculate that formula fed infants are 
expending more energy due to activity than breast fed infants. An index 
that is often used for the energy cost of activity is the total energy 
expenditure:basal metabolic rate ratio. One might expect to see a high 
ratio in formula fed infants in comparison to that found in breast fed 
infants. This is not however supported by the findings of Butte et al, 
1985 who reported that the ratio of sleeping metabolic rate to total energy 
expenditure was significantly greater in breast fed infants. Sleeping 
metabolic rate was not significantly different between the groups. 
The data presented in this thesis confirms the work of Butte and 
colleagues {Butte et at, 1990) that formula fed infants have a greater 
energy expenditure than maternally fed infants in the first few months of 
life. So although data would indicate that the utilization of available 
energy in formula and breast fed babies is different the exact nature of 
this increase in total energy expenditure in formula fed infants is by no 
means clear. 
In this study between periods A and B there were significant differences 
in rates of weight gain between the breast and formula fed infants. Mean 
weight gain in absolute terms differed significantly {formula fed infants, 
mean weight gain=1285g; maternally fed =1 066g; t=3.08; p<0.01 ). The 
significant difference between diet groups persisted when the growth 
rates were expressed as g per day {formula fed infants, mean gain 
30.5g/day; maternally fed=26.1 g/day; t=2.43; p<0.01 ), and expressed as 
g/kg per day body weight {formula fed infants =7.2g/kg per day; 
maternally fed=5.8g/kg per day; t=2.89; p<0.01 ). Differences in linear 
growth{supine length) were not seen between diet groups. Growth 
velocity expressed as cm/yr calculated from the measurements of supine 
length at period A and period 8 were not significantly different {formula 
fed infants mean velocity 34.6 cm/yr; maternally fed =38.1 cm/yr; t=1.52). 
This difference in weight gain cannot however explain the difference in 
total energy expenditure between the groups. 
The majority of the infants studied in this thesis were weaned between 10 
and 12 weeks of age. Thus by period C {six months of age) the effect of 
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the type of early diet upon total energy expenditure was lost. There was 
no significant difference in total energy expenditure at periods C or D 
between the infants that were initially formula or breast fed. However, 
data are now emerging that would indicate that early diet at least in 
premature infants has a long term effect upon later growth and 
development (Lucas, Morley, Cola, Gore, Lucas, Crowle, Pearse, Boon 
and Powell, 1990; Lucas, 1990). The infants recruited for this study are 
still being monitored. Anthropometric measurements and further 
assessments of total energy expenditure are being taken at yearly 
intervals. Unfortunately, there is a dearth of data pertaining to energy 
expenditure in breast or formula fed infants for comparison with the data 
presented here. One, rare, comparable study was reported by Wong et 
al, 1990. These workers have published total energy expenditure data 
for 10 infants with a mean age of 113 days. The mean total energy 
expenditure at this time was 70.0 kcal/kg body weight per day, with a 
standard deviation of 8.6 kcal/kg per day. All these infants were being 
formula fed. The mean age of these infants falls between periods B and 
C. In comparison with the data presented in this thesis the values 
reported by Wong et al are lower for both the entire cohort and the 
formula fed group alone. 
Differences jn total energy expenditure jn kcal{kg body weight per day 
between the sexes, 
There were differences in total energy expenditure on a per kg body 
weight basis between males and females which were statistically 
significant at periods C and D. These differences reached significance at 
the 1 0% level but not at the 5% level. There is usually a negative 
correlation between body weight and energy expenditure per unit body 
weight such that a heavier infant will have a lower energy expenditure 
per unit weight than a lighter infant. Although the mean body weights of 
the sexes were not significantly different at periods C and D the females 
were lighter. Thus it cannot be argued that some of the difference seen 
in total energy expenditure between the sexes was due to the influence 
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of body weight. Differences in body composition might also influence the 
mean total energy expenditure in the sexes. If the females had a greater 
portion of their body weight as fat then the total energy expenditure 
expressed on a per kg body weight basis would be lower than the leaner 
males. In effect the less metabolically active fat mass would 'dilute' the 
effect of the more metabolically active fat free mass. Equally it may be 
that the male infants were inherently more active or were encouraged to 
be more active than the female infants at this time. Unfortunately the 
measurement of physical activity is fraught with difficulties in any 
individual and this is especially true in infants. No independent 
measurements of physical activity have been made in these infants. 
Differences in growth rates between the sexes could partially account for 
differences in total energy expenditure. Although the energy stored in 
new tissue is not measured as total energy expenditure, the energy cost 
of laying down that new tissue is a part of total energy expenditure. 
However, changes in mean body weight between periods B and D are 
very similar (2.96kg in males and 3.14kg in females). In fact the direction 
of the difference is the opposite to that which would be required if a 
greater weight gain in the males was a part of the reason for the 
difference in total energy expenditure between the sexes. Thus the 
conclusion at this point must be that differences between the sexes 
in energy expenditure when expressed on a kg body weight basis must 
be due to either differences in body composition or levels of physical 
activity. 
When total energy expenditure was expressed per ..Jkg body weight per 
day there were significant differences between the diet groups at period 
Band between the sexes at periods C and D. 
Differences in total energy expenditure in kcallykg body weight per day 
between the diet groups. 
When expressed in this manner the significant difference between the 
diet groups found at period A when energy expenditure was expressed 
161 
as kcal/kg body weight was lost while a significant difference persisted at 
period B. The difference at period A only reached significance at the 
1 0% level and this difference between the maternally fed and formula fed 
infants at this time must have been influenced by differences in body 
weight between the groups that were not adjusted for when total energy 
expenditure was expressed as kcal/kg per day. 
To reiterate a previous point, there is usually a negative correlation 
between total energy expenditure per kg body weight and body weight; 
i.e heavier babies will tend to have a lower total energy expenditure than 
light babies when expressed on a per kg basis. Thus the fact that the 
heavier babies at period A were maternally fed and had the lower total 
energy expenditure supports this argument. 
At period B there was virtually no difference between the mean weights 
of the two diet groups and so the significant difference in mean total 
energy expenditure between the diet groups when expressed per ...fkg 
body weight per day indicates that this difference was a real diet induced 
difference in energy expenditure which was independent of body weight. 
Differences in total energy expenditure in kcaiNkg body weight per day 
between the sexes, 
The significant difference in total energy expenditure found at periods C 
and D when expressed as kcal/kg body weight persisted when total 
energy expenditure was expressed as kcai/.Jkg per day. Indeed the level 
of significance was increased at period C from t=2.01; p<0.1 0 to t=2.40; 
p<0.05. Thus it would seem that the differences in total energy 
expenditure found between the sexes were not simply due to differences 
in body weight. Indeed the males were heavier than the females and 
had a higher mean total energy expenditure when expressed as kcal/kg 
body weight per day. If body weight was a primary influence upon the 
difference in energy expenditure one might expect total energy 
expenditure to be lower in the males. 
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When total energy expenditure was expressed as kcal/kg fat free mass 
per day in this manner there were significant differences in the mean 
values between the diet groups at periods A and B and between the 
sexes at period C. These differences were significant at the 5% level or 
greater. 
Differences in total energy expenditure expressed as kcal/kg fat free 
mass per da,v between the diet groups. 
At period A the total energy expenditure in kcal/kg fat free mass per day 
was significantly greater in the formula fed infants (t=2.11; p<0.05). The 
formula fed and maternally fed infants had very similar values for mean 
percentage body fat at that time (maternally fed mean value = 17.6%, 
formula fed mean value= 17.5%). Nevertheless as mean body weight 
was lower in the formula fed infants both the mean fat mass and the fat 
free mass were lower in the formula fed infants. hhus, in conjunction with 
the higher energy expenditure in kcal/day found in the formula fed infants 
at period A, as shown in table 6.1 0, a significant difference was found in 
total energy expenditure when expressed as kcal/kg fat free mass per 
day. This again might be taken as evidence to suggest that there was a 
real diet related difference in energy expenditure between formula and 
maternally fed infants at this time that was independent of body weight 
and body composition. 
Body composition was similar between the diet groups at period 8 (mean 
percentage body fat is 22.7% in the formula fed infants, 21.1% in the 
maternally fed infants). At period 8 mean body weights were also very 
similar between the two diet groups, being 5.62kg and 5.65kg in the 
maternally fed and formula fed infants respectively. Consequently fat 
mass and fat free mass were also very similar. Nevertheless there was a 
large difference in energy expenditure in kcal per day between the 
groups and this was reflected in the significant difference in the mean 
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total energy expenditure measurements in kcal/kg fat free mass per 
day(t=2.82; p<0.01). As the infants studied in this thesis were exclusively 
breast or formula fed up to period B the significant difference at this 
period and the fact that the difference between the groups had increased 
since period A in absolute, percentage and statistical terms, strengthens 
the argument that diet markedly affected total energy expenditure in the 
first few months of life independently of body weight and body 
composition. 
Differences jn total energy expenditure expressed as kca!lkg fat free 
mass per day between the sexes. 
There was only one period when total energy expenditure expressed as 
kca!lkg fat free mass per day was significantly different between the 
sexes, which was at period C, where the difference was significant at the 
5% level. Why males and females should differ in energy expenditure at 
this period ( 6 months) is not immediately apparent. lt is possible that, as 
has been speculated previously, the differences are due to variations in 
physical activity at this age that are not present at either younger or older 
ages. Indeed there is evidence that shows that at around six months of 
age infants are beginning to crawl and boys are ahead of girls in this 
motor development (Lang, personal communication). 
In this thesis the centile charts have been generated for the entire cohort 
without recourse to the differences described earlier between the sexes 
at periods C and D or between diet groups at periods A and B. lt could 
be argued that different centile charts should be produced taking into 
. account these differences. This approach would lead to the production of 
some 16 centile charts for use dependant upon the sex or diet of the 
infant. Such charts have not been produced for a number of reasons. 
Firstly, the infants described in this thesis were exclusively breast or 
formula fed until the measurement of total energy expenditure at period 
B. Mean age at the period B measurement was 11 weeks. After this time 
weaning foods were introduced to the diet. The effect of diet on total 
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energy expenditure is lost after period B. One therefore might wish to 
create centile charts for formula and breast fed infants that differed up to 
11 weeks of age and then converged. If it is accepted that the difference 
in total energy expenditure seen between the diet groups is purely diet 
related and not a phenomenon associated with body weight or body 
composition, the age at which the differences are lost will be highly 
influenced by the age of weaning. This is a highly variable event 
between and within cultures and populations with marked secular trends 
and is influenced by advertising, health promotion organisations and 
peer pressure. The duration of breast feeding in the United Kingdom is 
also influenced by parental social class, age of mother, parity 
and geography. Recommendations (Present day practices in infant 
feeding, 1980) are that mothers should breast feed their babies 
preferably for 4 to 6 months but at least for the first few weeks of life. 
Breast feeding for 4 to 6 months is rare. At present in the Cambridge 
area weaning usually takes place at about 7 to 9 weeks of age with 
some reports of the introduction of solid foods as early as 3 weeks of age. 
Thus it would be inappropriate for a child who had been weaned say at 6 
weeks of age to have imposed a mandatory difference on a centile chart 
for total energy expenditure at 11 weeks of age. 
Secondly, there are few precedents for breast and formula fed infants to 
be separately assessed in nutritional or auxological terms in the first few 
weeks of life. Although the growth patterns of maternally and formula fed 
infants have been reported as being different (Ritchie and Naismith, 
1975; Roberts, 1980; Hitchcock, Gracey and Gilmour, 1985; Czajka-
Narins and Jung, 1986) different growth charts for anthropometric 
measurements such as weight, length and skinfold thicknesses are not 
available. 
Thus the centile charts have been created for the entire cohort. Numbers 
of formula ·and maternally fed infants in the recruited cohort are not 
significantly different thus it is unlikely that a bias will have been 
introduced into the charts. Therefore in the use of the charts, up to 11 
weeks of age, it might be prudent to suggest that if any given infant is 
being exclusively breast fed his or her SO score or centile position might 
be slightly overestimated using the centile charts shown in figures 5.5 to 
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figure 5.8, and that any infant who is being exclusively formula fed the 
SO score or centile position might be slightly underestimated. 
There are possibly stronger arguments for the necessity of creating sex 
dependant charts with the sexes diverging after period B. Energy 
requirements (FAO/WHO/UNU, 1985; DHSS, 1979) are listed by sex and 
there are differences in total energy expenditure on a per kg body weight 
basis in older children and adolescents (Davies et al, 1990). 
Nevertheless, the centile charts created in this thesis have not been 
divided by sex due to the limited numbers that would be in each group, 
especially at period D. If the LMS method had been applied to the data 
divided by sex at periods C and D not only would the L curve be poorly 
defined but so would the M and S values because of the reduction in 
numbers. 
Further data are being actively collected by the author. Ninety-six 
measurements of total energy expenditure between the ages of 1.5 and 
4.5 years are currently being analysed, and 75 measurements of total 
energy expenditure at 1 year of age are also being undertaken. These 
data in conjunction with that published for older children (Davies et al, 
1990) will result in 506 individual measurements covering the age range 
0 to 18 years. I! is hoped that these data will allow the division of the 
control data set by sex to be more readily and easily achieved. 
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CHAPTER? 
The use of the normal coO)rol data set jn the evaluation of energy 
expenditure jn a cljnjcal conditjon: cystic fibrosjs. 
INTROQUCTION 
Cystic fibrosis is the most commonly inherited metabolic disease in the 
western population. The defective gene, that has recently been isolated 
on the long arm of chromosome 7, is inherited in an autosomal 
recessive manner. The estimated carrier frequency is 1 in 25. Thus the 
prevalence is approximately 1 in 2500 births. The basic features of the 
disease are the production of viscous mucus which causes recurrent 
pulmonary infection and pancreatic insufficiency. 
Nutrition and growth have long been studied in cystic fibrosis since the 
disease was described in the late 1930s and poor growth and 
development in children with cystic fibrosis has been documented on 
may occasions since that time (Sproul and Huang,1964; Mitche!I-Heggs, 
Mearns and Batten, 1976; Vaisman, Pencharz, Corey, Canny and Hahn, 
1987). As increasing numbers of such children survive to adolescence 
and adulthood both the physiological and psychological aspects of 
adequate growth and development become more important to the patient 
and the clinician. 
In children with cystic fibrosis height and weight are typically between 
one and two standard deviations below the mean and the longitudinal 
pattern of growth shows consistent retardation and delayed pubertal 
events. A basic endocrine disorder that would account for the reduction 
in stature and body weight has not been found in children suffering from 
cystic fibrosis. Levels of growth hormone were found to be normal in 
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some 69 children studied by Biswas, Norman, Baffoe and Graves in 
1976. This finding has been confirmed (Lee, Dickenson, Kilgore, Warren 
and Elders,1980), but a reduced somatomedin level was reported by 
these workers. In a group of adolescents however, somatomedin C 
levels were not significantly different from age matched controls 
(Rosenfeld, Landon, Lewiston, Nagahima and Hintz,1981 ). Despite 
these and other contradictory reports a primary endocrine disorder 
resulting in poor growth and development in children with cystic fibrosis 
is not supported. There a number of chronic childhood illnesses that 
have as a component or consequence poor growth and development 
(Preece, Law and Davies, 1986). The role of undernutrition or 
malnutrition in the aetiology of growth retardation in such illnesses is 
actively being investigated by a number of groups. For growth failure to 
be a consequence of undernutrition an individual must be in negative 
energy balance for substantial periods of time. After the first few years of 
life growth is not a major energy consuming process. The energy cost of 
synthesis and deposition of new tissue during the growth process 
accounts for between 1.5% and 2.0% of daily energy intakes in normal 
healthy children. Prolonged periods of negative energy balance could 
be produced in cystic fibrosis by a reduction in energy intake or an 
increase in energy expenditure or a combination of both of these factors. 
There is evidence that in cystic fibrosis this combination occurs 
frequently. 
Energy intake jn cystic fjbrosjs, 
Historically, cystic fibrosis sufferers have been described as having 
voracious appetites. In reality without suitable dietary advice and 
counselling energy intake is often poor. lt is impaired by pulmonary 
symptoms such as coughing, purulent sputum and dyspnoea and 
abdominal symptoms such as colic distension and steatorrhoea. 
Stress, fatigue and depression all have less easily quantifiable effects 
upon appetite and hence energy intake. Even when receiving dietary 
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supplements, such as medium chain triglyerides and glucose polymers 
some children only achieve a daily energy intake of approximately two-
thirds of recommended levels (Shepherd, Cooksley and Cooke, 1980}. 
The move away from using low fat diets in the treatment of cystic fibrosis 
will undoubtedly improve the energy intake that can be achieved. The 
use of non restricted fat diets has lead to energy intakes greater than the 
recommended daily amount in some studies (Daniels, Davidson and 
Marhn, 1987). The more widespread use of of non restricted fat diets will 
improve the nutritional status of cystic fibrosis children. However, at 
times of acute pulmonary symptoms anorexia of a variable degree will 
still occur. 
Energy absorption jn cystjc fjbrosjs, 
Pancreatic function is reduced in cystic fibrosis due to obstruction of the 
pancreatic duct, fibrosis and periductal inflammation. Pancreatic 
secretions are consequentially low in enzyme and bicarbonate 
concentrations and volume. Thus there is often poor digestion of fat and 
protein. Fat malabsorption is highly variable with some studies reporting 
that up to 80% on injested fat is excreted (Forstner, Gall, Dune, Hill and 
Gaskin, 1980). The use of pH dependent enteric coated microspheres 
containing pancreatic enzyme supplements has been shown to markedly 
reduce the percentage of dietary fat in the faeces. Some fifteen percent 
more dietary fat was absorbed when intact microspheres were used than 
when the enteric coated preparation was given in a crushed form (Roy 
and Weber, 1985). 
Energy expenditure in cystic fibrosis, 
There are a number of factors that could lead to a high energy 
expenditure in infants and children with cystic fibrosis. During periods of 
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chest infection there will be an increase in respiratory effort. However 
this cause of increased energy expenditure is difficult to quantify in 
isolation. Infants with broncho-pulmonary dysplasia have been shown to 
have a sleeping metabolic rate some 30% higher than normal controls 
(Kurzner, Garg, Bautista, Bader, Merrit, Warburton and Keens, 1988). In 
cystic fibrosis an enlarged physiological dead space, an increased 
resistance and elastic loading of the respiratory system and a reduction 
in the efficiency of respiratory musculature all contribute to a raised 
energy cost of breathing. 
There is recent evidence that some b-adrenergic agonists used to 
produce bronchodilation in the treatment of cystic fibrosis may 
themselves cause an increase in energy expenditure. For example it 
has been shown that patients receiving Salbutamol have a resting 
energy expenditure some 8% higher than patients receiving a placebo 
(Vaisman et al, 1987). 
Moreover, there is some evidence that energy expenditure is raised in 
cystic fibrosis due to a lesion in energy metabolism that is inherent in the 
disease. 
Feigal and Shapiro, 1979, reported that the oxygen consumption in 
isolated fibroblasts taken from adults with cystic fibrosis was significantly 
higher than that found in control subjects. Mean oxygen consumption in 
the fibroblasts taken from the cystic fibrosis adults was 335.4 atoms 
oxygen per minute per 1 os cells and in normal controls 170.7 atoms 
oxygen per minute per 1 os cells. The measured oxygen consumption 
was completely inhibited by the use'· of cyanide which led Feigal and 
Shapiro to speculate that the oxygen consumption was mitochondrial.; 
Information that has been obtained in recent years concerning the basic 
defect in cystic fibrosis could lend weight to the argument that there is a 
raised energy expenditure in asymptomatic infants with the disease. The 
basic defect that may be important in this respect is epithelial chloride 
secretion. The epithelial cells that line the . mucosal: surface of the 
respiratory tract are not homogenous but include ciliated lining cells, 
goblet cells and type I and 11 alveolar cells. In cystic fibrosis an 
abnormality is known to exist in the ciliated cells. In normal individuals 
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these ciliated cells contain an ion channel which allows chloride to follow 
its concentration gradient and pass from the cell into the area above the 
ciliated membrane. In order to maintain electroneutrality sodium ions 
cross paracellular pathways into the mucosal surface. Water also 
passes onto the mucosal surface to maintain osmolarity. 
In cystic fibrosis the epithelial cells have a decreased permeability to 
chloride ions. Also chloride secretion is not increased in response to 
beta agonists. 1t would seem that the chloride channel is intact but 
cannot be opened. lt has been suggested that there is a regulatory 
protein that opens the chloride channel and that in cystic fibrosis this 
protein does not respond to the normal stimulus. The recent isolation of 
the defective gene in cystic fibrosis has enabled a link to be suggested 
between the gene defect and the chloride channel defect. The defective 
gene is very large with approximately 250,000 base pairs, and the actual 
mutation is a deletion of three bases. The gene itself has been named 
the cystic fibrosis transmembrane conductance regulator (CFTR) and the 
mutation named ~Fsos· This part of the gene is thought to produce the 
regulator protein for the chloride channel. The protein is thought to 
consist of six hydrophobic coils which insert into the cell membrane, two 
ATP binding sites and a large polar group that is a regulatory subunit 
which may function by occluding the ion channel. lt seems that the loss 
of a phenylalanine radical in one of the two ATP binding sites may 
prevent ATP binding or ineffective hydolysis of ATP. In either case the 
result is that the chloride channel is not regulated correctly. This process 
is likely to be energy wasting. 
In cystic fibrosis there is the opportunity, for a number of reasons, for 
energy intake to be low and energy expenditure to be high, thus 
compromising energy balance and potentially leading to poor growth 
and development and nutritional status. The importance of attaining 
good nutritional status in cystic fibrosis can be appreciated 
by considering some of the literature in this area. lt has been suggested 
that there is a relationship between malnutrition and pulmonary function 
and nutritional status and survival (Levy, Durie, Pencharz and Corey, 
1985; Shepherd et al, 1985). lt is apparent therefore that a greater 
understanding of energy metabolism in infants and children with cystic 
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fibrosis may lead to improved clinical management and a better 
prognosis. 
The doubly labelled water technique has already been utilized in the 
study of energy metabolism in cystic fibrosis (Shepherd et al, 1988). 
Measurements of total energy expenditure in a group of 9 children with 
cystic fibrosis were reported by these workers. These children had been 
diagnosed by neonatal screening and were, claimed Shepherd et al, 
clinically stable, free of respiratory infection and had no evidence of 
chronic lung disease at the time of the study. Mean age of the patients 
was 1.47 years with mean body weight being 9. 78kg. Mean total energy 
expenditure over an eight day period was 950kcal per day or 98kcal per 
kg body weight per day. Controls were taken from a pool of twenty-nine 
randomly selected healthy infants, and optimum matches for age, 
weight and weight for age were made. The results of the study are 
shown in table 7.1 
These data led Shepherd and colleagues to speculate that a 
fundamental lesion in energy metabolism existed in cystic fibrosis, that 
resulted in a raised total energy expenditure even when the infant was 
free from lung disease; and in effect was asymptomatic. 
However the speculation of Shepherd et al, that the infants studied had a 
raised total energy expenditure was extensively criticised by Pencharz, 
Berall, Vaisman, Corey and Canny, 1988. They argued that the 
conclusions of Shepherd et al that infants with cystic fibrosis had a total 
energy expenditure some 25% greater than expected was not valid. 
Firstly, Pencharz et al, 1988 pointed out that the cystic fibrosis children 
studies by Shepherd et al were underweight when compared with age 
matched controls. Secondly, they suggest that total anergy expenditure 
is best related to body surface area and/or fat free mass rather than body 
weight. Thus the underweight subjects are likely to have a reduced fat 
mass and therefore a higher proportion of their body weight as 
metabolically active tissue. Thus on a per kg body weight basis it was 
not surprising that the cystic fibrosis infants had a higher total energy 
expenditure. 
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Lucas, Prentice and Shepherd, 1988 replied to this criticism by pointing 
out that the infants studied did not in fact have an abnormal body 
composition, indeed, the percentage of body weight that was water was 
very similar in the cystic fibrosis children and the normal controls. 
Aga mal~bad l&l i.gtl! ma!~b!ld W!li.gtl! am! Ag!l 
ma!cbed 
Weight 9.79 11.02 9.83 10.10 
(kg) P<0.05 P>0.05 p>0.05 
Age 17.73 17.59 13.44 17.04 
(months) P>0.05 P<0.05 P>0.05 
Total Energy 950 876 758 874 
Expenditure P>0.05 P<0.01 p>0.05 
(kcal per day) 
Total Energy 98.1 79.0 77.1 86.0 
Expenditure p<0.01 P<0.01 P<0.05 
(kcaVkg) 
Table 7.1. The results of the measurement of total energy expenditure in a cohort of nine 
cystic fibrosis infants reported by Shepherd et al, 1988. 
Nevertheless the expression of total energy expenditure in cystic fibrosis 
is one example where control data has been lacking and such studies 
might benefit from the set of control data presented in this thesis. 
Measurements of total energy expenditure could be expressed per kg fat 
free mass in order to take into account the potential differences in body 
composition, alternatively body weight could be adjusted for by 
expressing energy expenditure as kcal/vkg body weight. 
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METHOPS 
Since early 1980 all newborns in East Anglia have been routinely 
screened for cystic fibrosis. The screening methods are based on the 
report of Crossley, Elliot and Smith, 1979 that showed that serum 
immunoreactive trypsin (IRT) levels could be used as a screening tool in 
cystic fibrosis. 
Since that time over 160,000 newborn infants have been screened in the 
East Anglian region. The method consists of measuring the level of IRT 
in dried blood spots taken by heel prick when the infant is between 6 and 
9 days old, at the same time that blood is taken for the Guthrie test. 
Any measurement of IRT above 80ng/ml is followed by a repeat blood 
test usually between the third and fourth weeks of life. This test is taken 
as positive if the measurement is above 3 standard deviations above the 
mean. A second positive blood test is followed by a sweat test, which is 
the final definite diagnostic tool. 
Thus the final diagnosis is usually made at about 9 to 10 weeks of age. lt 
has been possible to measure the total energy expenditure in nine cystic 
fibrosis infants diagnosed in this way since January 1988. These infants 
are essentially asymptomatic. 
Total energy expenditure was measured using doubly labelled water as 
previously described. Dosing was carried out in the home and urine 
samples were collected for 7 days following the oral administration of the 
dose. 
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RESULTS 
Some of the physical characteristics of the nine infants studied are 
shown in table 7.2. Using reference data (Tanner, 1973) supine length 
and body weight standard deviation scores have been calculated for 
each infant. 
Subifl~:<t ~ ~ SUtliDfl ~I Iti!:<fltlS Subs~:<apulat 
LflD!Jitl S~iD!Qid S~iD!Qid 
!dm!sl !mll. .(lsg) .!l:mill. .!l:mill. 
1 F 127 63.8 6.905 10.1 11.5 
2 M 200 66.7 7.113 7.4 6.2 
3 F 100 60.4 5.400 7.8 5.8 
4 F 112 55.7 4.820 9.6 7.6 
5 M 112 61.9 6.205 7.0 4.8 
6 F 104 59.7 5.520 9.1 6.4 
7 F 116 56.4 5.140 6.2 6.2 
8 M 111 63.1 6.640 10.4 7.8 
9 F 105 57.7 4.940 5.2 3.8 
Mean 117 60.6 5.854 8.1 6.7 
SD 31 3.7 0.878 1.8 2.2 
Table 7.2. Some of the physical characteristics of the nine infants with cystic fibrosis 
studied in this thesis. 
These values plus their mean and standard deviation are shown in table 
7.3. Some body composition data are shown in table 7.4. The fat free 
mass has been calculated using values for the hydration level of lean 
tissue as published by Fomon et al (1982). 
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The predose enrichment of 18Q and 2H relative to SMOW, the rate 
constants, and dilution spaces calculated from the doubly labelled water 
technique are shown in table 7.5. 
Total energy expenditure calculated for each infant and expressed as 
kcal per day, kcal/kg body weight per day, kcal/vkg body weight per day 
and as kcal/ kg fat free mass per day are shown in table 7.6. 
Subi!l!<l Lfngth ~!ligbl 
SC! SQQI:!l SC! SQQ!ll 
1 1.01 0.86 
2 -1.00 -0.98 
3 0.36 -0.48 
4 -2.17 -1.64 
5 -0.22 0.20 
6 -0.09 -0.43 
7 -1.98 -0.92 
8 0.32 0.30 
9 -1.05 -1.30 
Mean -0.54 -0.49 
so 1.09 0.81 
Table 7.3. The SD scores for weight and supine length of the cystic fibrosis infants. 
These individual measurements of total energy expenditure are plotted 
on the relevant centile charts in figures 7.1 to 7.4. 
The polynominal equations describing the changing M and S curves 
shown in figures 5.6 and 5.7 allow an M and S value at any age can be 
calculated. This, along with the mean weighted L values, allows the 
calculation of an SD score for total energy expenditure using the 
equation shown on page 107. These SD scores are shown in table 7.7. 
The mean and standard deviations of the calculated SD scores were 
tested in order to determine whether they were significantly different from 
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Subject ~ Ea! E[!l!l Mass Ea! Mass %Ea! Mass 
(g) (g) 
1 F 4923 1982 28.7 
2 M 5829 1284 18.1 
3 F 4608 792 14.7 
4 F 3949 871 18.7 
5 M 5648 557 9.0 
6 F 4511 1009 18.3 
7 F 4028 1112 21.6 
8 M. 5555 1085 19.5 
9 F 4589 351 7.0 
Mean 4849 1005 17.2 
SD 692 467 6.5 
Table 7.4.The fat free mass, fat mass and percentage fat mass of the cystic 
fibrosis infants. 
E[f!QQS!l (a0/oo) Q!!uliQn 
EmiQ!J!D!lOI Bal!l QQostaols SR<!Q!lS (!DI) 
Subj!lQI 2H 18Q kd ko Nd No 
1 -18.6 -3.3 0.253 0.294 4106 3938 
2 -20.5 -2.6 0.291 0.351 4770 4663 
3 -24.0 -4.6 0.177 0.222 3795 3686 
4 -24.5 -3.9 0.290 0.337 3225 3159 
5 -31.8 -5.1 0.227 0.270 4613 4518 
6 -28.2 -4.9 0.231 0.275 3691 3609 
7 -20.1 -4.7 0.293 0.329 3341 3222 
8 -19.1 -3.6 0.215 0.265 4608 4444 
9 -26.8 -5.8 0.378 0.333 3806 3671 
Mean -23.7 -4.3 0.262 0.297 3995 3879 
SD 4.6 1.0 0.058 0.043 566 553 
Table 7.5. The predose isotopic enrichment of 2H and 1So in the urine of the cystic 
infants, the rate constants of the two isotopes following the oral dose and the 2H and 18Q 
dilution spaces. 
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a population whose mean was 0 and standard deviation was 1, i.e the 
normal population. The t values found for these tests and its level of 
probability are also shown in table 7.7. 
DISCUSSION 
Total energy expenditure was measured in 
fibrosis diagnosed by neonatal screening. 
nine infants with cystic 
All these infants were 
clinically free of infection and are in effect asymptomatic. All infants were 
receiving pancreatic enzyme replacements. 
~ kcallkg ~caii..J~g kcall!sg 
EEM 
Subject Age ldaysl per day per day per day per day 
1 127 388 56 148 77 
2 200 850 117 315 151 
3 100 497 90 211 106 
4 112 433 87 194 106 
5 112 584 93 233 103 
6 104 480 84 200 102 
7 116 342 66 150 84 
8 111 615 92 237 110 
9 105 378 74 167 79 
Mean 117 507 84 206 102 
SD 31 159 18 53 22 
Table 7.6 The age and the total energy expenditures of the 9 cystic fibrosis infants in kcal 
per day, kcal/kg body weight per day, kcai/..Jkg body weight per day and kcal!kg fat free 
mass per day. 
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The nature of screening in East Anglia means that final diagnosis via a 
sweat test is usually achieved by 9 to 10 weeks of age. lt has been 
possible, except in two cases, to measure total energy expenditure 
before 16 weeks of age. The two exceptions, subjects 1 and 2, were 
measured at 18 weeks and 29 weeks of age respectively. These two 
infants had been diagnosed for some time before the investigations 
described in this chapter received ethical approval and as soon as 
possible following that approval measurements were taken. 
The anthropometric characteristics of the nine infants showed large 
variation. As a group, mean height and weight SD scores were similar 
being -0.54 and -0.49 respectively. However as individuals weight and 
height SD scores varied considerably. They ranged from -2.17 SD 
scores for length and -1.64 SD scores for body weight (subject 4) to 1.01 
SD scores for length and 0.86 SD scores for body weight (subject 1 ). 
Skinfold data showed a similar, large variation. Body composition data, 
illustrated in table 7.4 were also variable. The reference data published 
by Fomon et al, 1982 reveals that at the range of ages of the cystic 
fibrosis infants studied body fat as a percentage of body weight is about 
25% in both sexes. 
Percentage body fatness found in the cohort of full term infants described 
in this thesis at the same age as the cystic fibrosis infants would also 
indicate levels in the region of 25%. The value can be estimated by 
extrapolation of data found at periods B and C (see Chapter 8 ). 
These values therefore compare with a mean value of 17.2% for the nine 
cystic fibrosis infants. By sex, the mean male body fatness is 15.5% of 
body weight and for the females 18.2% of body weight. Thus as a group 
the cystic fibrosis infants had a low percentage body fatness but again 
there are large variations ranging from 7.0% in subject 9 to 28.7% in 
subject 1. 
Figure 7.1 shows that when the total energy expenditure data in kcal per 
day are plotted on the appropriate centile chart no clear pattern is 
apparent. Four of the nine infants have total energy expenditures less 
than the 50th centile and five above. When total energy expenditure is 
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expressed in this way 67% of the measurements (6 out of 9) lie between 
the 1Oth centile and the 90th centile. By definition, this band in the 
normal population would include 80% of that population. The normality 
of the data, when expressed kcal/day is further emphasised in table 7.6 
which reveals that the mean SO score of total energy expenditure is 
slightly above the population mean value of 0 being 0.15. This value 
was not significantly different from 0. However, as the cystic fibrosis 
infants were, as a group, below the mean for body size (mean body 
weight SO score =-0.54; mean body length SO score -0.49) the further 
exploration of total energy expenditure expressed per kg body weight 
should now be considered. Expressing total energy expenditure relative 
to body weight might reveal more striking differences between the cystic 
fibrosis infants and the normal data set. This is the case. Figure 7.2 
shows that 7 out of the 9 infants had a total energy expenditure greater 
than the 50th centile. Indeed, 67% (6 out of 9) were greater than the 75th 
centile. Nevertheless, the mean SO score of total energy expenditure in 
kcal per kg body weight per day was not quite significant at the 10% 
level. 
However, it has already been shown that total energy expenditure is best 
expressed relative to ~body weight or body weight 0.5, and so the data 
presented in this way is shown in figure 7.3. Although not entirely 
apparent from the centile chart, the expression of total energy 
expenditure in this way brings the individual measurements closer to the 
50th centile. The mean SO score is 0.42. Again this value is not 
significantly different from a population mean of 0. 
Finally, if body composition is taken into account, by expressing total 
energy expenditure as kcal/kg fat free mass per day the mean SO score 
is then very close to 0, being 0.25. This method of expressing the data 
produces a scatter of data points on the centile chart, figure 7.4, such that 
57% of the data points lie between the 25th and 75th centiles. 
In this study it will be apparent that in all of the methods of expressing 
total energy expenditure there is one extreme individual, that is subject 
number 2. lt is noteworthy that this child is the eldest of the group by 
some 73 days. 
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Sullie!::l ~ 1scat1sa lsca!CL~sg lscalllsgEEM 
cerdall C~[da~ cer dall cerdall 
1 -1.19 -1.29 -1.24 -1.32 
2 1.87 2.70 2.33 2.51 
3 0.54 1.03 0.80 0.60 
4 -0.32 0.84 0.27 0.52 
5 1.10 1.18 1.16 0.38 
6 0.31 0.69 0.51 0.39 
7 -1.49 -0.47 -0.98 -0.70 
8 1.32 1.13 1.25 0.72 
9 -0.77 0.11 -0.32 -0.85 
Mean 0.15 0.66 0.42 0.25 
SD 1.17 1.13 1.14 1.13 
I 0.39 1.75 1.11 0.67 
p 0.71 0.12 0.30 0.52 
Table 7.7. The SD scores of total energy expenditure for each cystic fibrosis infant, the 
mean and standard deviation of those SD scores and the t value and probability that the 
mean SD score differs from 0. 
Thus it would seem that contrary to earlier reports (Shepherd et al, 1988) 
the infants studied here with cystic fibrosis do not have an abnormally 
high total energy expenditure. One major difference between this 
present study and that of Shepherd and colleagues is the ages of the 
patients studied. Mean age in the later study was 1.47 years with all but 
one child being older than 1 year. There are many reports that children 
and young adults with cystic fibrosis have a high resting energy 
expenditure (Vaisman, Pencharz et al, 1987; Vaisman, Levy et al, 1987; 
Buchdahl, Cox, Fulleylove, Marchant, Tomkins, Brueton, and Warner, 
1988; O'Rawe, Dodge, Redmond, Mclntosh and Brock,1990.). This 
increase is usually attributed to the energy cost of recurrent infection and 
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the energy cost of breathing in cystic fibrosis. Shepherd et al, 1988 
speculated that as the children studied were asymptomatic, the 
increased energy expenditure might be due to a fundamental lesion in 
energy metabolism found in cystic fibrosis. 
However, there are data that would question the assumption that the 
children recruited by Shepherd et al were asymptomatic. Reardon, 
Hammond, Accurso, Fisher, McCabe, Cotton and Bowman (1984) 
reported poor protein utilization, decreased fat stores and pancreatic 
insufficiency in a group of 20 infants diagnosed in Colorado by neonatal 
screening. More recently, this screening program has found about 70% 
of all infants with cystic fibrosis have visual lesions on chest radiographs 
at 3 months of age ( Accurso, personal communication). Thus important 
changes may be occuring in lung function at this time that may not 
necessarily contribute to a raised total energy expenditure but may 
influence such measures in later infancy and childhood. lt is worth 
recalling that the one infant with cystic fibrosis showing a very high total 
energy expenditure reported in this thesis was the eldest infant. Total 
energy expenditure has very recently been measured in even younger 
infants with cystic fibrosis (Davies and Bronstein, 1990; unpublished 
results). These measurements have beeri made possible by the earlier 
final diagnosis achieved in the Colorado screening program. Four 
infants have so far been assessed at a mean age of 6 weeks. Total 
energy expenditure calculated using the doubly labelled water technique 
was found to be very close to the 50th centile for total energy expenditure 
in all of the individuals. Thus it may be that the infants studied by 
Shepherd et al, 1988 had a raised total energ~ expenditure due to sub 
clinical disease. In much younger infants reported here energy 
expenditure was shown not to be significantly different from the control 
data set mean. Thus, the chloride channel lesion may not be as energy 
wasting as previously thought. Only further measurements of total 
energy expenditure in infants and children with cystic fibrosis will confirm 
or refute these findings and such data is being actively collected. 
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CHAPTER 8 
The measurement and prediction of body composition usjng the doubly 
labelled water tech njque. 
INTROQUCT!ON 
The doubly labelled water technique has been used in a number of 
studies to address questions hitherto unanswerable using existing 
techniques ( Boberts, Coward et a!, 1988; Shepherd et a!, 1988; Davies 
et al,1989; Davies and Lucas, 1990) concerning energy expenditure and 
energy metabolism in infancy and childhood. The technique also allows 
measurement of body composition and thus a number of pertinent 
questions relating to body composition can be addressed. The 
calculation of carbon dioxide production rate via the doubly labelled 
water technique involves the estimation of the deuterium and oxygen 18 
dilution spaces. Both these dilution spaces have been equated with total 
body water. As has been previously stated total body water is a useful 
body composition parameter, but it has been used to derive 
measurements of fat free mass and fat mass. 
Considerable attention has been focused on fatness in early infancy, yet 
there is little information on total body fat at this age. Data obtained from 
direct cadaver analysis are rare, and detailed indirect body composition 
analysis, including underwater weighing, in vivo neutron activation and 
potassium 40 counting is restricted because of obvious ethical and 
practical problems (Davies and Preece, 1988). 
Thus there are few data that can be used as a standard against which to 
validate more non-invasive and acceptable techniques such as 
measurements of skinfold thicknesses. Indeed there are few validated 
equations for predicting total body fatness in infancy from any simple 
anthropometric measurements. Although a number of equations for the 
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prediction of total body fatness in children have been proposed, for 
example Parizkova,1961; Brook,1971; Dauncey, Gandy and 
Gairdner,1977; Frerichs, Horsha and Berenson,1979; Deurenberg, 
Pieters and Hautvast,1990, they are either cumbersome, based on 
limited data or are not applicable in early infancy. 
For example, Dauncey et al,1977 produced an equation to predict total 
body fat using triceps and subscapular skinfold measurements and nine 
body dimensions such as circumferences of the arm and leg and 
segmental lengths. The equation can be applied "tentatively" claim 
Dauncey et al in infants up to 40 weeks of age and preterm infants. 
Nevertheless the large number of measurements required in order to 
use the prediction equation has meant that their equation has not 
enjoyed widespread use. On the other hand the equation derived by 
Brook,1971 has been used quite frequently. 
Brook's equation purport to predict body density, and hence body fat, in 
boys and girls aged from 1 to 11 years of age. However the equations 
are based on the detailed analysis of body composition in 23 children of 
which 10 were of short stature and 13 obese. Thus it is questionable 
whether an equation based on such a small sample size ranging in age 
from 1 to 11 years is applicable to the more general non-obese child of 
normal stature. 
Frerichs et al 1979 used a much larger sample size (214 children aged 
10 to 14 years) in order to develop regression equations that relate 
height, weight and triceps skinfold thicknesses to percentage body fat. 
These equations however are age dependant and therefore the 
extrapolation of these equations to younger children and infants cannot 
be recommended. 
Parizkova also produced age dependant equations based on the triceps 
and subscapular skinfold measurements from a large sample size. 
Separate equations are produced for boys and girls in the age ranges 
9-12 years and 13 to 16 years. 
One of the largest sample sizes reported in the literature involving 
the estimation of total body fatness from skinfold measurements is that 
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reported by Deurenberg et al. 1990. Body density, calculated from 
underwater weighing, was related to skinfold measurements in a group 
of 378 boys and girls. Unfortunately the youngest children involved in 
this study were 7 years of age. Once again the extrapolation of these 
equations to younger children or infants cannot be recommended. 
Thus there are no suitable equations that exist for the assessment of 
body fatness in early infancy from anthropometric skinfold 
measurements. Also, the problems that can be encountered in obtaining 
reliable skinfold measurements in the very young has led to the 
consideration of other methods of assessing body fatness in early 
infancy. 
Simple indices relating weight to height have been used in the 
assessment of obesity and nutritional status, since the time that Quetelet 
(Quetelet, 1869) observed the proportional relationship between weight 
and height squared in normal adults. Cole, Donnet and Stanfield,1981 
have shown that Quetelet's Index (WeighUHeight2) is a good index of 
obesity in childhood, while more recently Garrow and Webster,1985 
have shown that Quetelet's Index can be used to derive reliable and 
accurate measurements of fat mass in lean and obese adults. 
The derivation of fat mass and hence percentage body fat from an index 
requiring only accurate measurement of weight and length would be 
extremely valuable in paediatric body composition studies. Such an 
approach would be of particular interest in early infancy when rapid and 
dramatic changes occur in the percentage of body weight that is fat and 
the absolute amount. Thus the ability of a weight to height relationship in 
the form of Quetelet's index and the triceps and subscapular skinfold 
measurements to predict total body fat in early infancy has been 
investigated. 
METHODS 
The triceps and subscapular skinfold thicknesses were measured in 
triplicate on the left side of the body using Holtain skinfold calipers in all 
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the infants described in this thesis. The triceps measurement was taken 
with the arm resting by the side of the body, midway between the tip of 
the acromion and the olecranon of the humerus, and in the posterior 
midline. The subscapular measurement was taken immediately under 
the inferior angle of the left scapula. Multiple regression analysis was 
used in order to evaluate whether these two skinfold measurements 
predict percentage body fat. Four linear regression models were 
constructed with percentage body fatness as the dependant variable in 
each model. Independent variables were the triceps and subscapular 
measurements singly; or together in the form of a multiple regression 
equation; or the log sum of the two skinfolds. The latter model has been 
used in a number of regression equations derived from older children 
and adults. 
Although Quetelet's Index (WfH2) has been related to percentage body 
fat in previous studies (Womersley and Durnin, 1977), WfH2 cannot be 
directly proportional to percentage fat i.e (fat mass/body weight) x 100. 
The more correct analysis, as described by Garrow and Webster, 1985 is 
to relate fat mass/height2 (FM/H2) to W/H2. Once this relationship is 
known, simple mathematical rearrangement enables fat mass and 
hence percentage body fat to be calculated from measurements of 
weight and length only. 
Fat free mass was calculated using the oxygen1B dilution space as 
previously described (page 93). Fat mass was calculated as body 
weight minus fat free mass. 
RESULTS 
The mean and standard deviations for percentage body fat calculated via 
total body water and Quetelet's Index for the entire .cohort and divided by 
sex are shown in table 8.1. The r2 values ( x1 00) obtained from the 
regression analysis of FMfH2 versus Quetelet's Index are shown in table 
8.2. 
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%Body Fat 
Entjre Cohort Males Females 
Period Mean .s..Q Mean .s..Q Mean .s..Q 
A 17.5 5.9 16.5 6.7 18.3 5.3 
B 22.0 5.4 19.8 5.6 23.6 4.7 
c 27.0 4.6 26.9 4.2 27.1 5.0 
D 24.2 6.1 22.4 7.8 24.9 5.6 
Ouetelet's Index 
Entire Cohort Males Females 
Period Mean .s..Q Mean .s..Q Mean .s..Q 
A 15.1 1.1 15.4 1.2 15.0 1.1 
B 16.5 1.2 16.8 1.0 16.3 1.3 
c 17.3 1.3 17.6 1.1 17.1 1.4 
D 17.3 1.5 17.1 2.1 17.3 1.4 
Table 8.1. The mean and standard deviation of the percentage body fat and 
Quetelet's Index for the entire cohort and by sex at periods A,B,C and D. 
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~ E!llire QQb!:lt:l ~ E!lmal!ls 
A 37.2 54.2 28.2 
8 20.4 5.0 51.2 
c 47.9 21.1 59.4 
D 38.9 74.3 18.6 
Table 8.2. The r2 values ( x 100 %) for the regression equations relating fat mass/height2 
to Ouetelet's Index for the entire cohort and by sex at periods A,B,C and D. 
The r2 value (x 1 00%) obtained from each regression analysis of 
skinfold thickness either singularly or together for the entire cohort and 
divided by sex are shown in table 8.3. 
The percentage body fatness versus skinfold thickness analysis yields 
four regression equations at each period for the entire cohort and for 
each sex. Thus a total of 48 regression equations are created. 
In 46 out of the 48 regression equations calculated the R2 value was less 
than 40%, i.e less than 40% of the variation between percentage body 
fatness and the independent variable or variables could be explained by 
the equation. The two exceptions are the use of the triceps and 
subscapular skinfolds together in a multiple regression equation for the 
males and females at Period D. In these two cases 57.6% and 100% of 
the variation in percentage body fatness could be explained by the 
regression equations. However the number of subjects at period D are 
relatively small with only 6 males and 16 females. Whether such a 
relationship, particularly in the females, would be found in a larger data 
set in unlikely. 
• 
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Entjre Cohort 
E~[iQd ![jQ~PS SubsQapular Ir:iQ~PS + I.Qg Sum TriQ~PS 
Subscapula[ + Subscapular 
A 11.7 9.2 11.7 12.8 
8 2.8 2.8 3.1 3.6 
c 2.4 13.1 17.4 8.5 
D 2.4 0.1 4.8 0.5 
Males 
E~[iQd ![iQ~PS SubsQapular ![IQ~ PS + I.Qg Sum ![i~~PS 
Subscapular + Subscapular 
A 12.5 17.5 17.7 19.1 
8 6.0 7.8 7.8 9.6 
c 4.8 3.2 38.5 0.0 
D 9.9 30.6 57.6 4.3 
Females 
E~[iQd ![jQ~PS SubsQapula[ ![iQ~PS + I.Qg Sum ![i~~PS 
Subscapular + Subscapulm 
A 14.0 4.4 17.5 9.6 
B 3.3 2.4 3.3 3.5 
c 10.2 20.7 21.1 18.0 
D 10.0 9.0 100.0 11.6 
Table 8.3. The r2 value ( x 100%) of the regression equations predicting total body 
fatness (%body fat) using the four models decribed in the text. 
Generally the R2 values found for the regression equations relating fat 
mass/height2 to Quetelet's index for the entire cohort and by sex at all 
periods are higher than those found using skinfold thickness to predict 
percentage body fatness. Nevertheless the highest R2 value (males, at 
period D) is only 74.3%. This amount of variation accounted for by the 
regression equation is high but not sufficiently high to warrant the use of 
the equation in a predictive capacity. 
PISCUSSION 
In general, the triceps and subscapular skinfold measurements cannot 
be used to predict percentage total body fatness in early infancy even 
when using combinations previously successful for older children 
(Brook,1971; Frerichs et al,1979; Parizkova, 1961). This unsatisfactory 
relationship may be due to a number of factors. 
Firstly, reliable skinfold measurements can be difficult to obtain in young 
infants. Nevertheless, the repeatability of skinfold measurements in this 
study was good. In twenty subjects chosen at random, analysis of 
repeated skinfold measurements yielded standard errors of 
measurement of 0.12mm and 0.11mm for the triceps and subscapular 
sites respectively. These values compare very favourably to values 
reported for a single site intra-examiner error (Lohman, 1981) and are in 
agreement with the accuracy which should be obtained by a trained 
individual using Harpenden calipers for repeated measurements at the 
triceps and subscapular sites (Tanner, 1959). 
The possibility should be considered that H21ao is not a suitable tracer 
for the measurement of total body water in early infancy. In theory, 
H218Q should be more accurate than other tracers for use in measuring 
total body water in humans. In a direct comparison of total body water 
measured using H21ao and by desiccation in newborn pigs (Whyte et al, 
1985) it was found that the two methods were within 2% of each other. 
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Indeed based on this analysis it was concluded that isotope dilution with 
H21ao was a safe, accurate and repeatable method for the estimation of 
whole body water, and was suitable for use in adult and newborn 
humans. Data for reference children (Fomon et al, 1982) show that at 
the age groups studied in this thesis total body water expressed as 
apercentage of body weight is 65.9, 61.2, 58.9 and 59.8% at the 
equivalents of periods A, B, C and D. Mean values found for the infants 
studied in this thesis were very similar being 66.0, 62.3, 57.8 and 59.0% 
at the same ages. This lends weight to the view that H21ao is a reliable 
and accurate tracer for the measurement of total body water in early 
infancy. 
Prediction equations involving skinfolds are known to be highly 
population specific and are rarely of general validity (Jackson and 
Pollock,1978; Norgan and Ferro-Luzzi,1985). That is, equations based 
upon highly homogenous populations are usually the most accurate and 
reliable, with R2 values in the order of 0.8 to 0.9. In more diverse 
populations the equations are less robust. The possibility emerges that 
young infants may be an inherently heterogenous population with regard 
to their body fat stores. The percentage of body fat changes rapidly in 
early life. 
Fomon's reference data (Fomon et al, 1982) indicate that body fatness is 
14% at birth rising to about 26% at 6 months of age and then falling 
slightly to 24.5% at 9 months of age. These data are very similar to mean 
values found in this thesis: 17.5% at about 5 to 6 weeks of age rising to 
27% at 6 months and falling to about 24% at nine months of age. This 
increase in body fatness must be due to an increase in both 
subcutaneous and internal fat stores. Any predictive equation that 
relates subcutaneous measures of body fat i.e skinfolds to total body 
fatness assumes that the ratio between internal and subcutaneous stores 
are constant at any given level of fatness. Variation in the proportion of 
fat situated subcutaneously has been postulated as a reason why 
predictive equations derived for adults are rarely of general validity 
(Davies, Jones and Norgan,1986). lt is possible that between subject 
variation in the distribution of internal and ex1ernal fat stores may be a 
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major factor accounting for the poor predictive value of skinfold 
thickness in this study. 
Quetelet's Index which has been shown to be a reliable and accurate 
predictor of fat mass in obese adults, and would be of particular use in 
body composition analysis in early infancy due to the simplicity of the 
methodology. In the infants studied in this thesis the percentage of the 
variation in fat mass/height2 that could be accounted for by Quetelet's 
Index ranged from 5.0% at worst to 74.3% at best. In general the 
percentage variation accounted for was much higher when using 
Quetelet's Index than when using skinfold thickness. Nevertheless, 
Quetelet's Index could not be recommended in a predictive capacity 
based on the variation accounted for as seen in table 8.2. As observed 
previously (Garrow and Webster, 1985) some of the variation in the 
relationship between fat mass/ height2 and weight/height2 will be due to 
error induced by the use of total body water to derive fat free mass and 
hence fat mass. There is no evidence however, that levels of hydration 
in the fat free mass vary more in infants than in adults and therefore there 
is no reason to place more emphasis on this particular error in childhood. 
The basic premise which allows Quetelet's index to be used as a 
measure of fatness is that variations in the index between individuals are 
due to differences in fat mass. If the change in Quetelet's Index is due to 
a combination of fat mass and fat free mass changes or changes in fat 
free mass alone, then the ability of Quetelet's Index to predict fat mass 
will be poor. Infants in the first nine months of post natal life are 
undergoing rapid growth both in length and weight. If the nature of this 
rapid growth varies between individuals in terms of fat and fat free mass 
or if the relative rates of growth in weight and length vary significantly, 
then Quetelet's Index will not be closely related to fat mass. 
Although the simplicity of a prediction equation that relates weight and 
height to parameters such as fat free mass is appealing to those working 
within the area of body composition analysis such an equation has yet to 
be established. The equation devised by Mellits and Cheek, (1970) for 
the prediction of total body water using weight and height has been 
criticised as having poor reliability (Scott, 1984) and Quetelet's index has 
been shown in this study to be unable to predict fat mass with the degree 
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of accuracy one would require in young infants. In later infancy and 
childhood, height and weight are not changing so rapidly and this may 
be the reason why Quetelet's index is a good measure of obesity in such 
individuals (Cola et al 1981 ). 
lt is possible that natural biological variation in the components of weight 
gain in young infants will never allow the generation of a simple and 
accurate weight-height predictive equation. 
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CHAPTER 9 
Summary 
The study of energy expenditure in infants has for many years suffered 
from the major overwhelming problem that the very parameter of interest 
has, in most cases been impossible to measure. 
The doubly labelled water technique has ameliorated this situation. As a 
consequence new research has been initiated in areas of nutrition, 
human biology and clinical medicine. 
When a parameter is measurable for the first time one of the earliest and 
most valuable and fruitful endeavours is to simply describe that 
parameter. Hopefully chapters 2 and 3 fulfil that function. 
How best to express the new data that are now forthcoming was 
considered in chapter 4. The biological explanation of why expressing 
total energy expenditure relative to body weight 0.5 negates the influence 
of body weight is not clear but nevertheless it is interesting and 
noteworthy that a number of workers have found similar relationships in 
their data after the concept of expressing total energy expenditure 
relative to body weight0.5 was made apparent in a recent publication 
(Davies, Cole and Lucas, 1989). 
Nevertheless, the importance of adjusting energy expenditure correctly 
has been highlighted very recently. Walker, Bond, Voss, Setts, Wootton 
and Jackson, 1990, showed that the administration of growth hormone to 
short normal children increased lean body mass, reduced body fat mass 
and increased resting energy expenditure. After apparently adjusting for 
lean body mass they found that resting energy expenditure was 
unrelated to age, height and weight, showing that the increase in resting 
energy expenditure was explained by the increase in lean body mass. 
They also considered resting energy expenditure expressed in units of 
kJ/kg lean body mass and found paradoxically that this index is 
negatively correlated with stature . 
• 
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A great deal of their discussion was given over to explaining this finding 
in terms of the physiological changes associated with growth hormone 
administration. The hypothesis that an increased surface area to volume 
ratio in the shorter children resulted in an increased heat loss from the 
body is discounted and a more likely explanation, according to Walker 
and her colleagues, was that there were absolute and proportional 
changes in body composition with increasing stature. These authors 
speculated that linear growth is associated with a disproportionate 
increase in muscle relative to visceral tissue. As visceral tissue 
contributes about 80% of resting energy expenditure shorter children, 
with their smaller muscle mass, would have a higher visceral to skeletal 
muscle ratio and hence a higher resting energy expenditure when 
expressed in kJ/kg lean body mass per day. 
However, a simpler explanation has been proposed (Cole and Davies, 
1991) in that the index of resting energy expenditure used by Walker and 
colleagues, was inappropriate. The purpose of adjusting resting energy 
expenditure for lean body mass is to remove the effect of lean body mass 
on resting energy expenditure, i.e to p~ovide an index which is 
essentially uncorrelated with lean body mass. However, there is no 
reason, a priori, why dividing resting energy expenditure by lean body 
mass should remove the correlation between resting energy expenditure 
and lean body mass. In the case described by Walker et al ,it was clear 
that dividing resting energy expenditure by lean body mass overadjusts. 
Normally the overadjustment would show itself as negative correlation 
between the resting energy expenditure/lean body mass index and lean 
body mass. However in the study described by Walker et al no further 
adjustment for lean body mass was made and height, which is highly 
correlated with lean body mass, acted as a proxy in the regression. 
Cole and Davies concluded by pointing out that this was an example of a 
fallacy often seen in medical research. Expressing quantity A (be it for 
example resting energy expenditure or energy intake or glomerular 
filtration rate) per unit of quantity B (e.g. body weight or lean body mass 
or body surface area) may or may not be a useful exercise, but it is 
incorrect to assume that the resulting index NB will automatically be un 
correlated with B, and even more incorrect to assume that it should be. 
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In chapter 5 the data collected from the cohort of infants have been used 
to produce centiles for total energy expenditure in the first nine months of 
life. The small absolute number of measurements taken,158 (although 
this represents 42% of the worlds total published data regarding total 
energy expenditure in the first year of life) dictated that a parametric 
approach to the calculation of centiles be adopted. In this thesis a new 
parametric approach the LMS method has been used. This technique 
summarizes the information required to create any centile value in the 
three L, M and S parameters. This technique has been successfully 
applied to anthropometric data such as height and weight but the use of 
the technique upon non-anthropometric data has not previously been 
reported. The use of the method reveals that regardless of the form of 
expression total energy expenditure has a large coefficient of variation 
and in nearly all cases is not normally distributed but is positively 
skewed. The relative contributions of physiological and methodological 
considerations to the large coefficient of variation in total energy 
expenditure in the first year of life is unclear and is the subject of 
continuing speculation and debate. 
Chapter 6 considered the differences found in total energy expenditure 
between the sexes and between formula and breast fed infants. There 
were differences between the males and females at periods C and D and 
between the diet groups at periods A and B, when total energy 
expenditure was expressed as kcal/kg per day. Differences in total 
energy expenditure and the utilization of energy intake between formula 
and breast fed infants is a topic that could easily warrant a thesis to itself. 
The breast fed infant and the composition of expressed breast milk are 
taken as 'models' by formula manufacturers. The data presented in this 
thesis and that reported elsewhere would indicate that formula fed 
infants consume more energy, expend more energy and grow more 
rapidly than breast fed infants. Such a combination of factors is not 
necessarily more desirable than the lower energy intake and 
expenditure and slower weight gain seen in breast fed infants. The 
larger skinfold thicknesses found at the triceps and subscapular sites in 
the formula fed infants at period B, when the effect of diet is probably 
having its greatest immediate effect, might be testimony to this. Although 
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the difference in skinfold thickness between the groups has disappeared 
by period C (six months of age) there is some evidence to suggest that 
differences become apparent again in early childhood (Davies and 
Lucas, unpublished observations). 
The nutrient intake of breast fed infants has been used as a guide for 
dietary requirements of healthy infants. Such data have important 
applications in the nutritional management of sick babies and 
prescription of recommended dietary allowances in the West and 
developing world. lt has been notoriously difficult to define the breast fed 
infants' intake of some nutrients, especially those which vary in their 
concentration throughout the course of a feed. The measurement of milk 
fat and therefore energy intake has been particularly fraught with 
methodological difficulties. Thus expressed breast milk composition may 
be an inappropriate standard for deriving energy intake; infants fed 
formulas modelled on expressed breast milk consume more energy than 
breast fed infants. This 'excess' is mainly expended, perhaps as a result 
of dietary induced thermogenesis, and hence is not reflected in an 
excessive weight gain. Whether an excess energy intake in formula fed 
infants programmes future metabolism adversely is currently under 
investigation. 
One of the primary reasons for the application of the LMS method to the 
total energy expenditure data generated by the doubly labelled water 
technique was to provide control data that could be used, if only locally, 
in the study of energy expenditure in disease states. One example of this 
is given in chapter 7. 
The possibility that energy expenditure might be raised in apparently 
asymptomatic infants with cystic fibrosis has been the subject of a great 
deal of debate. The findings reported in this thesis would suggest that 
such infants do not have an abnormally high energy expenditure, and 
that the distribution of total energy expenditure measurements is not 
dissimilar from that of the control data set. This is contrary to previous 
findings that have lead to suggestions that a lesion in energy metabolism 
is a fundamental part of the disease in cystic fibrosis. Nevertheless, 
cystic fibrosis is only one of a number of disease states that is currently 
being investigated using the doubly labelled water technique and the 
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control data set. Examples of other conditions are infants with failure to 
thrive and infants with cerebral palsy. In these two conditions, 
interestingly, energy expenditure is often raised and especially in 
cerebral palsy energy intake can be very low leading to periods of 
negative energy balance. The effect of dietary intervention upon growth 
and energy expenditure in both these conditions is currently under 
investigation. 
One disappointing aspect of the work reported in chapter 8 was the 
inability of either the triceps and subscapular skinfold measurements or 
Quetelet's Index to predict accurately body composition in the infants. 
Both methods have been used with much more success in older 
children, adolescents and adults. lt is possible that a greater number of 
skinfold measurements in conjunction with other anthropometric 
equations might yield better results, and this possibility is currently being 
investigated. 
This thesis has attempted to show some ·appiications of the doubly 
labelled water technique for use in infants. However the applications 
• described and discussed here are far from exhaustive. The technique 
has been used successfully to measure milk intake in infants and the 
energy density of suckled breast milk (Coward, Whitehead, Sawyer, 
Prentice and Evans, 1979; Coward, 1984; Lucas, Ewing, Roberts and 
Coward, 1987; Lucas and Davies, 1990). Moreover, the total energy 
expenditure data derived from the use of the doubly labelled water 
technique can be used to satisfy the desires of the 1985 WHO/FAO 
committee as stated on page 6 of this thesis that estimates of energy 
requirements should be based upon measurements of energy 
expenditure. 
The doubly labelled water technique is not without its critics. A number 
of criticisms concerning the length of time over which post dose samples 
should be collected, the representative nature or otherwise of 
measurements of total energy expenditure using the doubly labelled 
water technique and technical problems associated with the mass 
spectrometers most often used in the analysis of samples have recently 
been published (Durnin, 1990). However, many if not all of these 
supposed problems have long been recognised and have been 
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addressed in some detail (IDECG,1990), to the satisfaction of most of the 
IDECG expert committee. 
As the ability to measure enrichments of 180 and 2H in urine, plasma or 
saliva becomes more widespread so will the application of the doubly 
labelled water technique to the measurement of carbon dioxide 
production rate and hence total energy expenditure. I! is hoped that the 
data presented in this thesis and associated publications can be of some 
use to present and future workers. 
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